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ABSTRACT

The main focus in the design of the next generation combatant, DD(X), is the US
Navy’s proposed Integrated Power System (IPS) which includes an all-electric propulsion
drive system. The reduction of current waveform harmonics is critical in combatant
propulsion systems such as the IPS. One method of reducing the current harmonics is to
utilize a multi-level converter topology. The multi-level converter, as compared to a
standard converter, features low dv/dt losses and low switching losses. This thesis
examined the design, construction and testing of two multi-level converters operated in
tandem, called a Cascaded Multi-Level Converter (CMLC). A digital logic switching
circuit was designed and constructed to control the CMLC during the operational testing
phase. The CMLC was demonstrated in a three-phase high-voltage configuration with
178.5 volts zero-to-peak voltage and 2.10 A zero-to-peak current achieved using an R-L

load.
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EXECUTIVE SUMMARY

The U.S. Navy is investing in the development of a ship power generation and
utilization architecture that builds on experience in the commercial marine market and
adapts commercial technology to the military combatant ship application. This
architecture is the backbone of the U.S. Navy’s Integrated Power System (IPS) program
and it is to be implemented in the next generation of combatants designated the DD(X)
family of ships. The major aspect of this IPS is the proposed all-electric propulsion drive
where a large portion of the total electric power generated is converted into an

appropriate form that can effectively drive large propulsion induction motors.

Reduction of current waveform harmonics is critical in propulsion systems such
as IPS. An all-electric ship’s acoustic signature is related to shaft torque which in turn is
related to motor current harmonics. Although all-electric propulsion drives are mature
systems in the commercial marine industry, commercial converters do not produce the
desired waveform fidelity that is crucial in a military architecture. Current waveform
harmonics can be reduced by controlling a converter with pulse-width modulation
(PWM) but at high power, PWM switching frequencies are limited to about 1.5 — 2 kHz
since higher frequencies produce sharp waveform edges that create EMI and motor
insulation issues. Another method of reducing current harmonics is to utilize a multi-
level converter topology; a concept whereby the converter topology allows additional
motor phase voltage levels than with a conventional converter. The purpose of this
thesis was to document the design, fabrication and testing of a Cascaded Multi-Level

Converter (CMLC).

The CMLC is a circuit comprised of inter-connected power transistors and diodes
as shown in Figure E-1. By sequentially changing the level of the circuits DC input
voltage, the converter produces a quasi-desired AC sinusoidal waveform. The CMLC
consists of the following sub-sections/stages: input DC Link voltage, power unit
modules, power diodes, and switching circuitry. The power unit module, shown in

Figure E-2, consists of the following components: a gate driver circuit board, a power

xi



transistor (IGBT) with accompanying snubber circuit card and heat sink material. The
gate driver circuit board provides an ‘on’ or ‘off” gating signal to the IGBT as prescribed

by the digital logic switching circuitry.

;|

o AP R R  T  R

=

Figure E-1: The Cascaded Multi-Level Converter [From Ref. 3.]

Figure E-2: The Power Unit Module
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The design of the CMLC sections was initiated by a selection of components
based on the converter specifications shown in Table E-1:

Table E-1: CMLC Specifications

Specification Value
Input Power 240 V/10 A
Input Capacitance Rated 300 V or greater
Transistor Voltage (Blocking) 1200 V
Transistor Current (Collector-to-emitter) 25 A
System Cooling Finned Type Heat Sinks

The construction of the gate driver circuit card, IGBT snubber circuit card, and the power
supply operational amplifier (power input to the gate driver circuit card) were carried out
by populating copper-cladded insulation board with the pre-selected components. Post-
construction tests were conducted on the power supply operational amplifier and each

power unit module prior to the construction of each converter phase.

Alternate transistor switching techniques are presented in this thesis: the sine-
triangle pulse width modulation and space vector modulation. A digital logic switching
circuit was ultimately implemented to ensure easier troubleshooting of the converter
hardware during testing. Advanced Boolean Expression Language (ABEL) software was
used in the programming of the digital logic circuit devices or programmable logic
devices (PLDs). A thorough test of the resultant circuit verified switching signals

capable of producing a balanced set of three-phase voltages.

Detailed testing of the CMLC was conducted in the NPS power laboratory. Each
CMLC phase was tested at low voltage/low current (40 V zero-to-peak and 0.5 A zero-to-
peak) conditions to ensure for proper operation and then a two-phase test was conducted
to ensure the digital logic circuit produced properly phased output waveforms. Figure
E-3 shows the circuit configuration during the low-voltage testing phase. A final high

voltage/high current (200 V zero-to-peak and 2.2 A zero-to-peak) test was then

xiil



conducted. Figure E-4 is a digital image of the three-phase current output. This testing

revealed the CMLC operational results were in agreement with expected values.

This research documented the design, construction and testing a CMLC.
Possible areas for future CMLC research include analysis of propulsion shaft noise and
analysis/implementation of various switching techniques. Continued research in this
dc-ac converter is vital for the future of the U.S. Navy’s next breed of combatant ship
because CMLC technology offers high power conversion with reduced or eliminated

current waveform harmonics.
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Figure E-3: Testing Configuration (Low Voltage/Low Current Condition)
[From Ref. 6.]
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I INTRODUCTION
A. POWER REQUIREMENTS FOR NEXT GENERATION SHIP

With the dissolution of the Soviet Union and the emergence of the war on
terrorism, the Department of Defense is challenged to both scale back expenditures and
produce “transformative” technologies. It has never been more important to develop
ships and systems that are cost effective, operationally robust and minimally manned.
Presently, U.S. Navy ships are configured with a varied array of mechanical and
electrical systems which are independent in nature and in some cases create unnecessary
redundancy that degrades fuel efficiency. For example, the Navy’s conventional
propulsion drive train transfers energy to the drive shafts via a reduction gear; at no time
during operation is this prime mover “propulsion” energy made available for other ship
systems. Both fuel efficiency and manpower requirements represent major factors in the
Total Operating Cost (TOC) of naval ships and systems. In order to cut back total
operating costs, U.S. Navy ship design must dramatically move beyond conservative
constraints.

One major change in ship design surrounds the electrical power system; the U.S.
Navy is targeting an all-electric ship where all major systems including propulsion,
aircraft launching and futuristic weapons would be electrically powered [1]. The Navy is
calling such an arrangement the Integrated Power System (IPS). Figure 1-1 is a diagram
of the representative system showing a prime mover and generator set providing power to
a propulsion motor unit as well a providing power to ship service loads via a power
conversion module. The IPS would effectively unlock the substantial mechanical power
originally dedicated only to propulsion and distribute it to other large power consumers
as necessary.

The new architecture for this IPS builds on commercial ship technology that has
been in place for many years. The robust and mature commercial marine systems have
realized significant fuel savings for the shipping industry throughout the world by more
efficiently loading prime mover engines. The motivation to proceed with this IPS design

has many factors: it will reduce the number of prime movers, produce fuel savings,



reduce maintenance, allow a reduction in manning and offer a platform that will support

new technology weapons.

AR T e = T ———

Main Power
Distributionp

enerato

Power Ship
Conversion Service
Module Power

Figure 1-1: General Concept of the Integrated Power System [From Ref. 1.]

The IPS must produce higher amounts of power to support all loads including
future demands. This need for higher installed power taxes the capability of current
energy conversion and power delivery systems. Although high-power systems are
common in the commercial ship fleet, military requirements make the research and
design efforts more complex. Low electrical signatures, non-interference and damage
tolerances are key factors that must be addressed to make this all-electric concept feasible
for use in a military architecture. Specifically, in the propulsion drive portion of IPS, the
challenge is tapping large amounts of electrical power from a mechanical power source
and converting that power into the appropriate waveforms that will run an electric
propulsion motor. The key power conversion issue is the reduction or elimination of
current-waveform harmonics and, thus, torque harmonics. Current-waveform harmonics
at high power levels create noise exceeding military acoustic requirements and

necessitate inverter de-rating, implying a larger and heavier propulsion unit [1].



B. OVERVIEVW OF CURRENT RESEARCH FOR ALL ELECTRIC SHIP

This section offers an overview of some of the research currently underway to
support the realization of IPS in U.S. Navy ships. Research for the IPS is being fueled
by the push to move the Navy’s DD(X) program (the future navy warship) from
chalkboard or view-graph to the actual cutting of steel or the forming of composite
materials in the shipyard. The Navy formed two teams consisting of major shipbuilders
and weapon system contractors and had them compete for the design of the proposed
DD(X) family of ships. This method of procurement represents a major change in the
way the government purchases systems. Through competition, they endeavor to achieve
an optimal product while saving design, engineering and research overhead costs.

With a major shipbuilding program of this magnitude and scope underway, there
is much research in progress that supports future systems. In the area of weapon systems,
the all-electric rail gun and directed energy weapons are high priority systems. In the area
of power distribution, the Navy is actively investigating the implementation of a hybrid
ac and dc zonal distribution system. No matter what the ship service load is or how it is
distributed, the IPS architecture must include a high efficiency dc-ac converter and a
compact yet powerful propulsion motor.

A large portion of propulsion motor and dc-ac converter research is being
conducted at the IPS Land Based Engineering Site (LBES), located at NAVSESS
Philadelphia, Pennsylvania. Major components for testing include a 21.6 MW generator,
a 19 MW propulsion motor and converter and a 2 MW ship service distribution system
[2]. The prime contractor, Lockheed Martin Ocean Radar and Sensors Division,
Syracuse, NY, is handling integration and development of the supervisory control system.
Another team, headed up by Dr. Keith Corzine of the University of Wisconsin, built and
are currently testing a small proto-type 30-kW multi-level converter. It is in this latter

area of research and testing that this thesis research effort is focused.



C. THE MULTI-LEVEL CONVERTER VS. THE CASCADED MULTI-
LEVEL CONVERTER

Figure 1-2 shows a standard diode-clamped multi-level converter consisting of a
DC-link voltage (v4) and capacitors as input for the three-phase bank of power transistors
which, when sequentially gated ‘on’ and ‘off,” convert the input voltage into an ac-signal
for the three-phase inductive load [3]. The use of a multi-level converter is one method
of reducing current waveform harmonics at high power. The multi-level converter
produces more phase voltage levels than a standard dc-ac converter drive. It is the
increased number of output voltage levels that leads to improved harmonic content in the
converter waveforms. This increase in voltage levels is achieved with a much lower
semiconductor device switching frequency; therefore there are lower switching losses.
Multi-level converters produce lower voltage transients (dv/dt) which greatly reduces

common-mode currents and stresses on motor insulation.
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Figure 1-2: Three-level Multi-Level Converter [From Ref. 3.]

Multi-level power conversion has become popular due to the advantages
described above; however, the primary disadvantage of a multi-level converter is the
large number of semiconductor devices that are required in its construction.

Semiconductors themselves are not overly expensive. It is the gate-driver circuits that

4



operate each transistor that are expensive and make the mechanical layout more
elaborate.

A new type of multi-level converter (MLC), the cascaded multilevel converter,
has been proposed which is constructed from two multi-level converters [4]. The main
advantage of the cascaded converter over the standard multi-level converter is that it
offers more non-redundant switching states per number of active semiconductor devices,
thereby improving converter performance and decreasing converter costs. A cascaded
MLC is illustrated in Figure 1-3 [4]. In this figure, two dc-voltage sources supply the
upper and lower input capacitors. The three-phase motor load ground is split-out and the
three leads are connected to the output phase terminals in the lower level creating a wye-

to-wye topology.

+
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Figure 1-3: A Cascaded Multi-level Converter [From Ref. 4.]



D. THESIS GOAL

The purpose of this thesis research is to thoroughly document the design,
development and testing of a reduced-scale prototype cascaded multi-level converter
(CMLC). Multi-level conversion is clearly a major research and development
component in the Navy’s quest to implement IPS. Completed work and products from
this thesis will augment the technical resources of the NPS Power Systems Laboratory

and support future thesis projects directed by NAVSEA 05 resource sponsors.

E. THESIS OVERVIEW

Chapter II provides a description of the cascaded multi-level converter and it
outlines specifications required to select components for the converter. Chapter Il is a
detailed description of the selection of components. Chapter IV contains an explanation
of the design and construction of the converter. The design and construction of the
converter’s digital logic controller section is described in Chapter V. Chapter VI
documents the testing of the cascaded multi-level converter and Chapter VII provides
thesis recommendations and conclusions. The last section consists of appendices

containing information that supports the technical discussion presented in the chapters.



II. CONVERTER DESCRIPTION AND SPECIFICATIONS
A. PURPOSE

This chapter provides a description of the Cascaded Multi-Level Converter
(CMLC) that is reported on in this thesis. Also, this chapter includes a discussion of the
specifications for the equipment and systems that are used in the design, development and

operation of the CMLC.

B. DESCRIPTION OF CMLC

In this sub-section, a description of the CMLC is provided. The purpose of the
converter is to process a DC voltage signal into an AC voltage signal. Figure 2-1 shows a
general overview of the process as required shipboard. As shown, a source generator
produces an AC voltage signal. This signal is then rectified by an ac-dc voltage
conversion module resulting in a DC-link voltage. The CMLC Switching Transistor
section, controlled by switching logic/driver circuit components, takes the DC-link
voltage and produces a multi-phase AC signal to be utilized to power a multi-phase AC

load.

Figure 2-1: Overview of DC-AC Conversion Process

The CMLC switching transistor network, switching logic and driver circuit
modules comprise the emphasis of this thesis research. Figure 2-2 shows one leg of a
three-phase CMLC. It is a network made up of an upper and lower bank of transistors

(T, thru T4 and T,x thru T4x). The banks are connected to the load at points ‘x’ and ‘xx.’

7



Current may flow from the top rail, through the load, and return via the negative rail of
Ve, or it may flow from the top rail of V4, through the load and return via the negative

rail of Vg1,

Figure 2-2: One Leg of the CMLC [From Ref. 3.]

The CMLC also consists of input capacitors and diodes necessary to realize the
additional output voltage levels, labeled D;, D,, D;x and D,x. The input capacitors
effectively divide the DC link voltages between nodes jO and j2 and jOx and j2x into Vi
and Vqe, respectively. With this DC-link voltage division, the voltage level at each upper

and lower portion of the converter can be switched to either 0 volts, to one-half the DC-



link voltage or to the full DC-link voltage level. Since the output voltage level is dictated
by

V.=V, =V, (2.1)
the CMLC can create nine different voltage combinations as will be shown. As the
CMLC is switched between each voltage level, the diodes (D;, D,, D x and D»x) are
biased ‘off” and ‘on’ in a manner that connects the appropriate voltage level to the output
leg.

The CMLC topology adds flexibility to the design for the operator. By varying
the DC-link voltage levels to the upper and lower levels of the converter, different
voltage levels can be achieved. The maximum amount of voltage levels, for any given
CMLC, is achieved by making the lower dc voltage (v4.) a certain percentage of the
upper dc voltage (vq.;). This ‘maximum voltage level’ percentage is determined by using
[4]

Vaer _ _Th -1

(2.2)

Vaer T —h,
where n; is the number of levels for the upper converter while #, is the number of levels
for the lower converter. The converter in Figure 2-2 combines two three-level

converters, thus the ‘maximum voltage level” percentage is

Vo 3-1 1

ve (3)(3)-3 3
For any given CMLC, the maximum amount of voltage levels is determined by [4]
nl(max):(nl)(nz), (2.3)
thus, the maximum number of voltage levels that can be obtained by the CMLC in Figure
2-21s
nl(max) =(3)(3)=9.
Table 2.1 illustrates the different voltage levels that can be achieved with the
CMLC. Sx and Sxx represent the transistor states for each converter. For example, Sx =1

implies that T, and T3 (Figure 2-2) have been gated whereas Sxx = 2 means that T and

Tox have been gated. The term ‘E’ is the basic voltage level for the converter; more



specifically it is the voltage across one input capacitor of the lower converter. Vx is the
upper converter voltage level and Vxx is the lower converter voltage level. Vxs is the

output voltage. Table 2.1 represents the condition where V,, =3V, , and V, , = 2E.

To obtain an ac sine-wave as an output, the transistors on each level of the
converter must be gated in a sequential manner. The gating of each transistor must be
carried out using a gate-driver circuit, which in turn is controlled by a switching logic
algorithm. The gate driver and the switching logic method are two critical and complex
parts of the overall CMLC system. Figure 2-3 is a block diagram that gives an overview
of the key elements of the converter design. It is this system that will be emphasized in

the ensuing chapters.

Sx Sxx Vx Vxx Vxs Sxs
0 2 -3E 1E —4E 0
0 1 -3E 0E -3E 1
0 0 -3E —1E —2E 2
1 2 OE 1E —-1E 3
1 1 OE 0E OE 4
1 0 O0E —-1E 1E 5
2 2 3E 1E 2E 6
2 1 3E OE 3E 7
2 0 3E —-1E 4E 8

Table 2.1: CMLC Voltage Levels

Before specific components and systems can be identified to document the design
and construction of each section depicted in Figure 2-3, a thorough description of the
CMLC system specifications must be established. Figure 2-3 is an overview of the
CMLC. A DC-link voltage is generated and then placed across the input terminals of the

converter. The input terminals consist of input capacitors and voltage-level diodes which

10



allow the converter to effectively divide the input DC voltage and develop various
voltage levels. A switching logic section controls a gate-driver circuit which controls the
power transistors thus allowing the input DC voltage be shaped into the desired AC

waveform that is supplied to the load.

Figure 2-3: Overview of the CMLC System
C. SPECIFICATIONS

The following subsections describe the key specifications for the CMLC: input
power, input capacitance, power transistor voltages and current capacities0, power
transistor protection, power source for the gate-driver circuit, the system switching
frequency and load and system cooling.

1. Input Power

There are various methods of rectifying the ac from the generator to obtain the dc
necessary for the input to the propulsion converter; once established, this voltage is
dubbed the dc-link voltage. The dc-ac CMLC then utilizes the dc-link as an input and
provides the load with the necessary phase-shifted variable frequency waveforms. At

NPS, a 208 V, 25 A, 3-phase variac, uncontrolled rectifier bridge and 10 mF of filtering
11



capacitance are used to establish the dc-link for the upper level of the CMLC. The lower
level of the CMLC is fed by a single-phase, 115 VAC input voltage, 0-240 VDC output
voltage ‘Powerstat.’

2. Input Capacitance

The CMLC is designed to operate at various switching frequencies while drawing
current from the de-link voltage source. It is crucial to ensure that the input voltage
source remains at a consistent voltage level during operation. A bank of series-connected
capacitors with sufficient capacitance will ensure that the input voltage level remains
constant, as well as dividing the dc-link voltage to the prescribed number of voltage
levels. These capacitors are required to be rated at 300 VDC or greater based on the dc-

link voltage specification described above.

3. Power Transistor Voltage and Current Capacities

The power transistor that is used for the circuit in this thesis research effort is an
Insulated Gate Bipolar Transistor (IGBT). An IGBT is a device that combines the
features found in a Bipolar Junction Transistor (BJT) and in a Metal-Oxide-
Semiconductor Field Effect Transistor (MOSFET). BJTs have lower conduction losses
during the ‘on’ state, especially in devices with larger blocking voltages, but have longer
switching times, especially at ‘turn-off.” MOSFETSs can be turned ‘on’ and ‘off” much
faster, but their on-state conduction losses are larger, especially in devices rated for

higher blocking voltages [5].

a. Transistor Voltage

The IGBT is operated in two states: the blocking state and the conduction
state. Manufacturers of these power transistors rate the IGBT by the amount of voltage
the transistor can ‘block’ when it is in the blocking state. This voltage is measured across

the collector and emitter nodes and it is labeled V. A review of the IGBTS available
revealed transistors with ¥ voltages rated at 1200 V in small chip form and in large

package types. Therefore, the blocking state voltage requirement was not a restrictive

12



design or budget factor, instead it is the current rating through the device that determined
the frame-size utilized for the converter design.

b. Transistor Current

The most critical design specification for the IGBT is the collector-to-
emitter current. It is this specification that relates directly to the packaging type and size
of the device. Transistors with a low current rating are in chip form while transistors
rated for large currents (300 to 600 A) are packaged as large blocks of semiconductor
material with large heat sink areas and heavy duty connectors. In the interest of budget,

the specification set for the collector-to-emitter current of the device was 25 A.

4. Power Transistor Protection

Power semiconductor transistors are subject to the problem of over-voltage during
the switching on and switching off of the device. A common solution that mitigates this
problem is the installation of resistor-capacitor-diode (RCD) snubber circuit [6].
Transient over-voltages are addressed by diversion of the energy in the stray inductance
to the snubber capacitor during turn-off; the snubber circuit does not address static over-
voltages. However, it was found through laboratory tests that static over-voltages were
minor compared to transient over-voltages. The snubber capacitor size is based on the
energy stored in the stray inductance; the snubber resistor is sized by considering the
narrowest pulse in the PWM algorithm and the snubber diode must be a fast type with

soft recovery.

S. System Switching Frequency and Load

The load that the CLMC will drive during operational testing will mimic the
steady-state characteristics of an induction motor. In order to achieve this simulation, a
large inductor in series with a bank of resistors was utilized. The inductor and the
switching frequency determine the impedance of the load as well as govern the phase
angle of the output current. The relationships between inductance (L) and the switching
frequency (f) are [7]

X =2rfL, (2-4)
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Z=R+jX, (2-5)

X
f=tan"'| — |, 2-6
( R] (2-6)
and
= L (2-7)
|Z|£6
6. Power Source for the Gate Driver Circuit

A specification for the power source that drives the transistor gate driver circuit is
that it must be completely isolated from the rest of the circuit in order to avoid a ground
fault during the operation of the converter. A review of the available gate driver circuits
with independent power supplies revealed many capable designs; however, the

prohibitive costs of each precluded their application in this project.

7. System Cooling

The heat generated by each component in the CMLC is dependent on the current
that the device is carrying. The specification of 25 A for the transistor collector-to-
emitter current allowed the procurement of all circuit devices in chip form. This in turn
set the requirement for heat sink material to be the “finned” metal type capable of being

affixed to the heat sink area of each device frame.

D. SUMMARY

This chapter described the purpose and operation of the CMLC. Also,
specifications were set for all the systems and components that are used in the design and
operation of the CLMC. Identifying the specifications was a crucial step towards the
design of the converter and recognizing what components were needed to be procured.
The next chapter documents in detail the design considerations and the selection of

components for the converter.
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III. COMPONENT SELECTION

A. PURPOSE
The purpose of this chapter is to document the component selection for the design

and building of the CMLC circuit.

B. COMPONENT SELECTION FOR THE CONVERTER SECTION

The following sub-section describes the component selection of the input-voltage
capacitors, the voltage-level diodes, the IGBT and the protective snubber circuit and the
resistor-inductor load. Figure 3-1 shows the upper level of the CMLC provided to

enhance the description of this component selection.

INPUT VOLTAGE CAPACITORS

\
+ 2| ¥
= -
yoL !
I |
i |
vdcl P |
A
| {
| |
!
| L
| I DR |
_ 0

t
VOLTAGE LEVEL DIODES

==

Figure 3-1: Upper Level of the CMLC
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1. Input Voltage Capacitor

As discussed in Chapter II, the input voltage to the converter requires substantial
capacitance to divide the dc-link voltage into the prescribed number of voltage levels and
to ensure the voltage level remains constant during operation. The capacitor chosen for
this role was the Mallory Type-CGH Computer-Grade capacitor. These capacitors are
rated at 1000 pF, 450 VDC, and have a high ripple current capability.

2. Voltage Level Diodes

High-voltage power diodes are required for the converter to switch
instantaneously through its available voltage levels and maintain the proper voltage level
prescribed during transistor sequencing. The POWEREX Fast-Recovery Single-Module
diode was selected. This device, rated at 50 A of forward current and a maximum
reverse voltage of 1200 V, meets the requirements and specifications set in Chapter II.
The diode is pictured below in Figure 3-2 and the device’s specification sheet is included

in Appendix A.

Figure 3-2: The POWEREX Fast Recovery Diode [From Ref. 13.]

3. IGBT

The selection of the IGBT was mainly budget driven. The relatively low cost
International Rectifier IRG4PHS50KD IGBT was selected. The IRG4PHS0KD IGBT is
constructed with an ultra-fast soft recovery diode. The device is rated at Vgs= 1200 V
and Vg = 15 V. For operation in the on-state, the collector current is rated at 24 A. Most

importantly, the IGBT combines low conduction losses with high switching speeds. The
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“Turn Off Delay’ time is 140 ns and the ‘“Turn On Delay’ time is 67 ns. These ratings
fully support the specification limits addressed in Chapter II.

4. IGBT Snubber Circuit

As discussed in Chapter II, the IGBT requires protection from transient over-
voltages induced by stray inductance. An RCD snubber circuit, Figure (3-3), was
designed and built to perform this protective function. The key circuit parameter that is
needed for calculating the values of the snubber circuit components is the stray

inductance. A typical value of stray inductance is approximately 100 nH [1].

IGBT

mo ®

Figure 3-3: RCD Snubber Circuit

Equating the energy of the snubber capacitor to the stray inductance and solving for

C results in

1

c-1L,. (;j | (3-1)

In Equation 3-1, / is the peak current in the IGBT and V' is the desired voltage after
turn-off. Expected maximum values for 7/ and ¥ are 25 A and 60 V, respectively. With
these values, C =0.01736 pF. Therefore a 0.018 pF, 630 V, polypropylene capacitor

17



was selected as the snubber capacitor. The next step was the calculation of the snubber
resistor value. The entering argument for this calculation is the determination of the
smallest time value between transistor turn-off and turn-on. A conservative value of
t... =1us was chosen. The equation for the resistor value is
:ts_c (3-2)
Using Equation 3-2, the required value of R is 10 Q [5].
The power requirement for the resistor is found by using [5]

P :%cvz I (3-3)

At a high switching frequency of 20 kHz, the power rating of the resistor should be 11.2
W or higher. Due to load constraints, the actual switching frequency of the CMLC is
approximately 225 Hz. Therefore, the resistor chosen for the circuit, a 10-ohm, 25-watt
device is a conservative choice.

The requirement for a fast type with soft recovery diode was fulfilled using the

International Rectifier HEXFRED HFA25PB60 ultra-fast, soft recovery diode.

S. Load Resistor/Inductor

The combination resistor and inductor unit for the load is comprised of NPS
Power Laboratory components. The lab is equipped with inductors rated at 42.5 mH and
10 A. Also available is a resistor unit rated at 115 V or 230 V with resistance values
ranging from 29 ohms to 174 ohms (dependent on voltage source). The switching
frequency determines the amount of resistance and inductance used during the testing
phase. Also the 10 A rating of the available inductor sets the limit of total current in the

circuit, unless other inductors are placed in the load in parallel.

C. COMPONENT SELECTION FOR THE IGBT GATE DRIVER CIRCUIT
This sub-section describes the selection of components for the gate driver circuit:

namely the power supply operational amplifier, the gate driver chip and its supporting

circuitry. Figure 3-4 is a diagram provided to enhance the description of this

component selection.
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Figure 3-4: Diagram for Gate Driver Circuit Component Selection

1. Power Supply Op-Amp

The voltage signal needed for the input of each gate driver circuit card requires a
waveform generator that can provide an output current of 7.5 A.  The NPS Power
Laboratory is equipped with a TEXTRONIX CFG-280 function generator that can
produce a sine, square or saw-tooth wave at a frequency ranging from 1 Hz to 11 MHz.
However, it cannot support a 7.5 A output current. An operational amplifier was required
in order to boost this signal and be robust enough to handle the large current draw.

The National Semiconductor LM12CL 80W Operational Amplifier
(Op-Amp) was chosen for this purpose. The LM12CL is capable of driving + 25 V at

+ 10 A while operating from a + 30 V supply. The power bandwidth of the device is

60 kHz. The output from this Op-Amp will provide input into the Gate Driver Circuit

card.

2. Components for the Gate Driver Circuit Card

a. Transformer

In order to make each IGBT an independent floating switch (and avoid
multiple ground loops), a high frequency (HF) transformer was utilized for galvanic
isolation. Each IGBT requires a gate-circuit dc power source that is physically
connected to the emitter of the IGBT. Although the source does not need to be highly

regulated, it must not exceed the maximum allowable gate voltage (15 V) for the chosen
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IGBT. At NPS, a central HF ac source was used to distribute power to the primary side of
multiple transformers with very low primary-to-secondary coupling capacitance.

The transformer chosen was the MagneTek SwitchMode/High Frequency
Gate Drive Transformer (GDE25-2). It is rated with a turns-ratio of 1:1, a maximum
leakage of 2.5 pH and a minimum inductance of 0.68 mH. The technical sheet for this

single- input, double-output transformer is included in Appendix A.

b. Decoupling Capacitor
In order to eliminate the DC signal from the input to the transformer, a
decoupling capacitor is required. The Panasonic 1.0 uF, 50-volt, Stacked Metallized-

Film capacitor was chosen for this purpose.

c. Full Wave Bridge Rectifier

The rectification of the transformer AC output signal to positive and
negative DC voltage levels was achieved with the use of a full-wave-bridge-rectifier
(FWBR) configuration. The 1N4148 Rectifier Diode was selected for use in the design
of the FWBR. It is a 500 mW, 100-volt, silicon-epitaxial diode with a reverse recovery

time of 4 ns.

d. Opto-coupled Gate Driver Chip

The TOSHIBA TLP-250 was selected for the gate driving circuit for the
International Rectifier IGBT. This device consists of a Gallium-Aluminum-Arsenide
light emitting diode and an integrated photo-detector. It is an 8-pin device and a diagram
of component is shown below in Figure 3-5. Its recommended operating conditions

include an input current of 8 mA and a supply voltage of + 15 V.
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Figure 3-5: Schematic of Opto-Coupled Gate Driver Chip [From Ref. 11.]
1. Gate Driver Capacitor. A requirement for the input side of the
gate driver chip is the placement of a 1.0 uF capacitor across the positive and negative
voltage input leads. The Panasonic 1.0 pF, 50-volt, Ceramic Multi-layer, Radial-Leaded

capacitor was chosen for this function.

2. Gate Driver Chip Output Resistor. The current rating from the
output of the gate driver to the gate of the transistor is + 0.5 amps. A 5-ohm resistor is

required to achieve this current rating.

3. Gate Driver Chip Input Resistor. The input signal to the gate
driver chip should operate at 10 mA. With a 5-volt input signal coming from the logic
section, and a 1.6 -volt rating across the input diode of the driver, a 360-ohm resistor is

required to obtain the 10 mA current into the device.
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D. SUMMARY

This chapter focused on the selection of components required for the design and
development of the converter and for the gate driver circuit needed to drive the
converter’s IGBT network. The following chapter provides a description of the
converter, gate driver and op-amp power supply circuits that were designed and built for

operation.
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IV. DESIGN/CONSTRUCTION OF CONVERTER POWER UNIT AND
CASCADED MULTI-LEVEL CONVERTER

A. PURPOSE

This chapter contains a description of the design and construction process of the
Cascaded Multi-Level Converter (CMLC). The overall CMLC design consists of
twenty-four inter-connected, individual ‘power’ units. A power unit is a standardized
module that includes an IGBT and heat sink platform with a snubber circuit card and a
gate-driver circuit card. The following sub-sections describe, in detail, the power supply

op-amp, each section of this power unit and the design and construction of the CMLC.

B. DESIGN OF THE POWER SUPPLY OPERATIONAL AMPLIFIER

Each gate-driver power circuit in the converter circuit requires a 30-volt, 20 kHz
input sine wave. The TEXTRONIX 11 MHz Function Generator, available in the NPS
Power Laboratory, has a maximum output of 10 V. Therefore, it is not capable of
meeting the 30 V requirement, nor is it capable of providing the total current drawn from
each gate-driver power circuit.

An operational amplifier circuit is required to amplify the function generator
output. The National Semiconductor LM12CL 80W Operational Amplifier was procured
to perform this function. Figure 4-1 shows the manufacturer’s recommended schematic

for the Op-Amp for configuration as an audio amplifier.
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Figure 4-1: LM12CL Op-Amp Schematic [From Ref. 12.]

The dc-gain of the audio amplifier is ‘4’ as determined by

33

G,=1+-"L=1+="=
1.1

4 (4-1)

This dc-gain is sufficient to achieve the amplification of the function generator output to
the 30-volt requirement.

The frequency response of the amplifier design was verified using MATLAB’s
built-in bode-plot analysis software. Appendix B-1 is the MATLAB Code written for
this analysis. The results of the Bode plot, Figure 4-2, obtained from the ac-gain

_ (R,)(R)(C)s+(R, +R,)
“ (R)R)(C)s+R
shows the audio amplifier providing sufficient gain throughout the planned operating

frequency of 20 kHz. In Equation (4-2), R, =3.3kQ, R;=1.1 kQ, and C; = 1.5 nF,
thus,

(4-2)
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Figure 4-2: Frequency Response of Op-Amp Circuit

It was determined that the components recommended by the manufacturer to
build the op-amp circuit were sufficient; however, in addition to the schematic, the
application of a heat sink for the Op-Amp was determined to be necessary. The use of
Wakefield Engineering Type 341K heat sinks properly drilled to allow the op-amp leads
to connect to the supporting circuit allows for the effective cooling of the amplifier.

C. DESIGN OF IGBT GATE DRIVER POWER CIRCUIT
The centerpiece of the gate driver circuit is the opto-coupler gate driver chip. The

chip requires + 15V of supply voltage and a digital input voltage (0 or 5 V) to produce
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the needed output signal to the IGBT gate circuit. The + 15 V will be obtained by
feeding the Power Supply Op-Amp’s 30 V, 20 kHz sine-wave through the 1:1 Dual
Output Transformer and then through a full wave bridge rectifier.

Figure 4-3 shows the configuration of the transformer and the rectifier diodes that
provides an output of £ 15 V. The dual outputs of the transformer are connected in
series, making the common connection point the system ground. This allows the positive
portion of the 30 V sine-wave to feed into the top half of the FWBR and the negative
portion of the sine wave to feed into the bottom half of the FWBR. To ensure any dc
offset is eliminated from the input signal, 1.0 pF capacitors were placed in series with the

positive and negative input leads of the transformer.

. +15 Volts (d
N 4, N olts (dc)
30 Volt,
20 kHz
Input + """"‘;j
I > > —————> _15 Volts (do)

Figure 4-3: Diagram of Transformer and Full Wave Bridge Rectifier

Figure 4-4 shows the pin configuration of the opto-coupled gate driver chip or,
simply, the opto-coupler. The positive 15 V signal connects to pin 8 and the negative
15 V signal connects to pin 5. The digital signal input is connected across pins 2 and 3.
The output signal from the chip, the signal that controls the IGBT gate, connects to the
IGBT from pin 7 and through a 5-ohm resistor.
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Figure 4-4: Pin Configuration for Opto-Coupled Gate Driver Chip [From
Ref. 12.]

The digital input signal to the gate driver chip must be isolated from the rest of the
gate driver circuit and the converter circuit. More importantly, the input signal voltage
must be diode-clamped to match the voltage drop caused by the opto-coupler’s input
diode. This is accomplished by a series connection of two rectifier diodes placed across
the positive and negative leads of the input. To limit the input current into the gate-driver
chip to 10 mA, a 360 Q resistor, was introduced. Figure 4-5 is a sketch of the complete

gate-driver circuit including the decoupling capacitors.
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Figure 4-5: Gate Driver Circuit
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D. DESIGN OF IGBT/SNUBBER CIRCUIT CARD

The IGBT and the snubber circuit carry a large current during the operation of the
converter. An important aspect for the design of the IGBT and snubber circuit tandem is
the effective heat removal for the IGBT and the snubber circuit diode and resistor. For
this circuit, the IGBT will be mounted flush onto the Wakefield Engineering Type 641K
heat sink with the leads pointing out over the edge of the sink. The transistor positioned
in this manner, as shown in Figure 4-6, will allow the snubber circuit be connected to the

IGBT and away from its heat sink.

T

Figure 4-6: IGBT Mounted to Heat Sink

Figure 4-7 (previously shown in Chapter III) shows the proper layout of the snubber
capacitor, resistor and diode. Not shown is the required protection for the IGBT gate
from static discharge. The final design includes a cathode-to-cathode zener diode

tandem connecting the gate with the emitter and circuit ground protecting the transistor.
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Figure 4-7: RCD Snubber Circuit

E. DISCUSSION OF CIRCUIT CONSTRUCTION MATERIAL

The platform for each circuit board is copper clad insulator material. This
material is used in industry for circuit board design and is usually processed using a
CAD-CAM system which cuts copper pathways and drills holes for components with
precision. In the interest of budget constraints, all circuit boards processed for this thesis
work were created with a hand held manual drilling tool. Another technique used to
develop copper pathways between nodes was the gluing of copper clad insulator board
“strips” to the circuit board surface. This particular technique greatly simplified the
building process by minimizing the amount of hand-held drilling required. All

components were soldered to the circuit board material using tin alloy solder.

F. BUILD OF POWER SUPPLY OPERATIONAL AMPLIFIER
The first module built was the Power Supply Operational Amplifier. Figure 4-8
displays the template used to layout the circuit board. The following list is a description
of the symbols used for this template and all following circuit templates:
-- Solid lines (including some with hash marks) indicate copper clad strips

glued to circuit board.
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-- Dotted lines indicate copper pathways formed using hand-held tool.
-- ‘x” indicates soldering points.

-- ‘0’ indicate drilled holes for components.

Figure 4-8: Circuit Board for Power Supply Operational Amp

This circuit board, once constructed, was attached to the op-amp and two heat sinks by
soldering the op-amp leads where they passed through the circuit board. Figure 4-9
shows the front view of the built circuit. Figure 4-10 shows the op-amp and the heat

sinks.

Figure 4-9: Power Supply Op-Amp Circuit (Front)
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Figure 4-10: Power Supply Op-Amp Circuit (Back)

G. BUILD OF IGBT GATE DRIVER CHIP POWER CIRCUIT

The most complex circuit to build was the gate driver circuit. This was a
complex design and build due to the amount of and the size of the parts used for this
circuit board. Components used were: 1 transformer, 1 gate-driver chip, 6 rectifier
diodes, 5 capacitors, 2 resistors, 4 connectors, and 9 strips of copper clad. The major
challenge for this circuit board was the positioning of the transformer and the gate driver
chip. The transformer’s bulky size (1.5 inches by 1.5 inches) was the reason for the
device being mounted to the underside of the circuit board with the leads passing through
to the top surface. The gate driver chip was turned up-side down and glued to the circuit
board top surface allowing the leads to be exposed for the soldering of the required input

leads. Figure 4-11 shows the template used to construct the circuit.
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Figure 4-11: Gate Driver Circuit Board Template

Figure 4-12 is a digital image of one constructed gate-driver circuit board. Figure 4-13 is

the bottom view showing the transformer and the input and output connectors.

Figure 4-13: Gate Driver Circuit Board (Top View)
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Figure 4-13: Bottom View of Gate Driver Circuit Board

In Figure 4-13, the blue connector on the right hand side is the input terminals for
the 20 kHz power supply and the top blue connector is where the board connects to the

IGBT gate and to system ground.

H. BUILD OF IGBT SNUBBER CIRCUIT CARD

The construction of the IGBT snubber circuit card involved the soldering of five
components. The challenge with this circuit was the placement of the diode, resistor and
capacitor. To ensure the snubber circuit operates effectively and in an optimal manner,
the distance between the diode, resistor and capacitor leads must be minimized to within
a few millimeters. This requirement made the soldering of these components a tedious

task. Figure 4-14 is the template used to build the snubber circuit card.
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Figure 4-14: Snubber Circuit Card Template

Figure 4-15 is a digital image of a completed snubber circuit card. This figure
shows the diode and the resistor with their aluminum-strip heat sinks attached. Figure
4-16 is the side view of a completed snubber card. At this angle, the connectors are
visible. The black connector is where the IGBT leads connects to the circuit card and the
green connector is where the IGBT gate and emitter (ground) connects to the gate driver

circuit card.

Figure 4-15: IGBT Snubber Circuit Card (Top View)
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Figure 4-16: Side View of IGBT Snubber Circuit Card

L THE CMLC POWER UNIT

Each constructed IGBT and heat sink module, gate-driver circuit card and snubber
circuit card were assembled to form the CMLC power unit. Figure 4-17 is a digital
image depicting the CMLC power unit. The gate-driver circuit card was elevated above
the surface of the IGBT heat sink using two metal posts with plastic nuts. This design
allowed for the gate-driver circuit card to be far enough away from the heat generated by
the IGBT during operation while keeping the length of wire between the card and the
IGBT gate as short as possible.

Figure 4-17: The CMLC Power Unit
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J.  DESIGN/CONSTRUCTION OF CASCADED MULTI-LEVEL
CONVERTER (CMLC)

Twenty-four power units were constructed for use in configuring a three-phase
cascaded multi-level converter (each phase consisting of eight power units). These
power units were connected together, to clamping power diodes, using flat-bar copper
pieces cut and drilled and then bolted to pre-drilled holes on the snubber circuit card and
on the diodes. The entire phase configuration was then attached to a vertical wooden
structure. The circuit configuration was made vertical to allow for easier reconfiguration
of power units and troubleshooting of the circuit during testing of the CMLC. Figure 4-18
is digital image showing a completed phase of the CMLC.

Figure 4-18: One Phase of the CMLC

K. SUMMARY

This chapter documented the design and construction of the power supply
operational amplifier, the power unit and its associated circuit cards and finally the
cascaded multi-level converter. The next chapter contains a description of the design
and construction of the digital logic section that controls the switching of the CMLC’s

transistors to create an ac sine-wave from a dc voltage source.

36



V. DIGITAL LOGIC CONTROL OF CMLC

A. PURPOSE
This chapter documents the design and formulation of the digital logic control
circuit which executes the switching of the CMLC transistors. Some prominent

alternative switching techniques are briefly discussed.

B. DESCRIPTION/BACKGROUND OF CMLC SWITCHING TECHNIQUES

One technique that may be used to control the gating of a three-level converter is
sine-triangle pulse-width-modulation (STPWM). The concept of STPWM involves the
production of a sinusoidal output voltage waveform at a desired frequency by comparing
a sinusoidal control signal, set at the desired frequency, with a triangular waveform.

Figure 5-1 provides a graphical representation of this concept.
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Figure 5-1: Sine-Triangle Pulse Width Modulation [From Ref. 5.]

In Figure 5-1 [5], the upper graph shows the sinusoidal control waveform (v.us01) and the
triangle waveform (v;;) for one phase of a three-level converter. The important aspect of
this technique is the intersection of the sinusoid and the triangle waveforms. During

operation, when an intersection is detected, the corresponding converter transistors are
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gated ‘on’ or ‘off” depending on whether v,y 1S greater than or less than v,;. This
‘intersection detection’ gating is shown in the lower portion of Figure 5-1.

The major advantages of using STPWM are that the harmonics are significantly
reduced and the fundamental frequency is controlled. When the carrier frequency
(Veontror) 18 much greater than the modulating frequency (v;;), harmonics are generated
along the high end of the frequency spectrum and thus away from the desired
fundamental frequency (in most practical cases, 60 Hz). The major disadvantages of this
method are that the modulating signals must be generated and the intersection of these
signals monitored.

Another technique that may be used for transistor gating is the Space Vector
Modulation (SVM) technique. The SVM method involves the transformation of each
converter state (all three phases) into a single point on a g-d stationary frame. This

transformation is executed by using the following equation (5-1).

e L0 0 ||V
[V"j} o BB (5-1)
ds 3 3 Vcs

Figure 5-2 is a representation of a four-level converter q-d stationary frame and the

possible converter states are represented as black dots.
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Figure 5-2: Space Vector Modulation for the Four-Level Converter [From Ref. 4.]
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In Figure 5-2, the circular trace, with the equally spaced small black circles, represents a
desired balanced set of output voltages and is called the reference trajectory; the number
of black circles determines the switching frequency of the converter. Although the path
could be arbitrary, a circular reference trajectory is chosen in the g-d plane since it results
in balanced three-phase sinusoidal voltages in the time domain. The SVM technique
attempts to synthesize the reference trajectory by averaging the amount of time spent at
the three nearest states of each reference trajectory dot.

SVM allows for the utilization of more of the bus or dc-link voltage and it lowers
commutation losses [3, 4, 8]. SVM is a method of choice to control modern power
electronics circuits. This technique was considered for use in this thesis circuit;
however, the time needed to build the controller due to its complex design forced an
alternative method to be chosen.

The digital logic design method used for this project is a simple, straightforward
method chosen to ensure that the converter was controlled with a hard-wired state
sequencer that would minimize the testing of the controller itself and optimize the testing

of the CMLC.

C. FORMULATION OF DIGITAL LOGIC CONTROL ALGORITHM FOR
CMLC

The CMLC designed in this project was configured to operate at nine different
voltage levels from —4E volts to +4E volts (where E is the standard DC voltage
increment of the CMLC). The first step in the design of the logic was the digitization of
a sine-wave into nine different levels throughout an index integer range of 0 to 35.

For this process, an index range of 36 was selected in order to achieve a digital
system requiring a clock that sequences through no more than a six-digit number system.
Sub-dividing the sine-wave with a larger index range would definitely enhance the
resolution of the wave pattern; however, a larger index range will require a more
expensive and more complex digital circuit. A higher resolution sine-wave is desirable;

however, the additional effort would bring this thesis work beyond the scope originally
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specified. The introduction of a more complex converter controller is discussed later as
potential follow-on work in this area.

The equation that was used to accomplish the digitization of the sine-wave is

INT{4—(4)sin (index (%Dm.s) (5-2)

The equation was implemented in an EXCEL spreadsheet function where the INT
command ensures that the results are integers and index = {0:35}. The results are

presented in Table 5-1 and then graphically displayed in Figure 5-3.

Index | Volt Index | Volt Index | Volt Index | Volt Index | Volt
0 4 8 0 16 3 24 7 32 7
1 3 9 0 17 3 25 8 33 6
2 3 10 0 18 4 26 8 34 5
3 2 11 0 19 5 27 8 35 5
4 1 12 1 20 5 28 8
5 1 13 1 21 6 29 8
6 1 14 1 22 7 30 7
7 0 15 2 23 7 31 7
Table 5-1: Digitized Sine-Wave Voltage Levels
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Figure 5-3: Digitized Sinusoidal Waveform

Once the sine-wave was digitized, a digital counter was designed. Using the same
index range {0:35}, a six-digit counter was constructed. An important design parameter

of the desired digital counter is the ability to avoid certain transistor sequences that would
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put the converter in an unsafe condition (e.g., all phase A transistors fired at once causing
a short). To ensure unsafe converter conditions were avoided, the use of two grey-scale
counters was introduced into the design. A grey-scale counter simply counts through a
pre-programmed sequence and it does so in such a manner that only one bit changes each
time it sequences [9].

As mentioned above, the grey-scale counter sequence is purposely void of unsafe
and unnecessary configurations. In this case, the two conditions are 000 and 111. The
counter sequence of each counter was programmed as follows:

001> 011—->010—>110—>100—101.
The combined grey-scale counters will then sequence from 001001 to 101101 and never
exhibit an unsafe or unnecessary sequence. Table 5-2 displays the entire sequence and
shows the configuration or voltage level of the transistor at each sequence index. As the
digital counter counts through the sequence, displayed in Table 5-2, it signals the digital
logic section which outputs the appropriate phase configuration based on the digital
counter signal that is received. This phase configuration digital logic section is a

four-digit output sent to the eight transistors that comprises each phase.
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Counter # Phase A Phase B Phase C Index
001001 01100110 11000110 00110110 0
001011 01101100 11000011 00110110 1
001010 01101100 11000011 00110110 2
001110 00110011 11000011 00110011 3
001100 00110110 11000011 01101100 4
001101 00110110 11000011 01101100 5
011001 00110110 11000110 01100110 6
011011 00111100 11000110 01100011 7
011010 00111100 11000110 01100011 8
011110 00111100 11000011 11001100 9
011100 00111100 01100011 11000110 10
011101 00111100 01100011 11000110 11
010001 00110110 01100110 11000110 12
010011 00110110 01101100 11000011 13
010010 00110110 01101100 11000011 14
010110 00110011 00110011 11000011 15
010100 01101100 00110110 11000011 16
010101 01101100 00110110 11000011 17
110001 01100110 00110110 11000110 18
110011 01100011 00111100 11000110 19
110010 01100011 00111100 11000110 20
110110 11001100 00111100 11000011 21
110100 11000110 00111100 01100011 22
110101 11000110 00111100 01100011 23
100001 11000110 00110110 01100110 24
100011 11000011 00110110 01101100 25
100010 11000011 00110110 01101100 26
100110 11000011 00110011 00110011 27
100100 11000011 01101100 00110110 28
100101 11000011 01101100 00110110 29
101001 11000110 01100110 00110110 30
101011 11000110 01100011 00111100 31
101010 11000110 01100011 00111100 32
101110 11000011 11001100 00111100 33
101100 01100011 11000110 00111100 34
101101 01100011 11000110 00111100 35

Table 5-2: Digital Logic Sequence for Three-Phase Converter
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It was conveniently discovered while researching the cascaded multi-level
converter that, during operation, the transistors required a complementary logic sequence.
Referring to Figure 5-4, the complementary transistor pairs are: T; and Ts, T, and Ta, T1x
and Tsx, and Tox and T4x. Therefore, one half of the phase transistors require direct
input from this digital logic section, whereas the other half of the transistors requires the

inverted version of the signal.

Vel

Vi

Figure 5-4: One Phase of CMLC [From Ref. 3.]

D. PROGRAMMING OF PLD CHIPS

Advanced Boolean Expression Language (ABEL) software was used to program
the counters and the converter configuration states. Appendices B-1, B-2, and B-3
contain the ABEL code for phases A, B and C of the CMLC. A default condition was
included for each phase. Even though a safe-guard was added with the use of grey-scale

counter, further precaution was taken by making all possible bad or unneeded CLMC

43



states (000 and 111) be assigned a default configuration of “0101” which automatically
switches the circuit to the ground state.

Once the code was verified through the use of the ABEL test vector module, the
software was loaded into the Progammable-Logic Device Progamming system. The PLD
components used were the 20-pin, PI8CVS chips. One PLD was programmed as the
digital counter and three PLDs were programmed as the Phase A, B and C chips
containing the proper converter configuration information needed to produce the desired

sine-wave for each phase.

E. DESIGN AND BUILD OF THE DIGITAL LOGIC CIRCUIT

The digital-logic circuit was constructed on a PB-503 “proto-board” which
provides TTL Signal Generator (clock), ground and 5 V signals needed to power each
device. Figure 5-5 shows the circuit for one phase. The TTL Signal Generator (variable
frequency) inputs into the six-digit digital counter (two grey-scale counters). The output
from the counter feeds into the Phase PLD. The four-digit output of the Phase PLD is
the signal that is sent to the input of each gate driver circuit card opto-coupler which in
turn gates the accompanying IGBT. As discussed in sub-section C, four transistors

receive the direct output (T1, T2, T1X, T2X) from the Phase PLD and the other four

transistors receive an inverted version of the output (ﬂ , T2 , TIX, T2X) viaan

inverter chip.
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Figure 5-5: Digital Logic Circuit for One Converter Phase

F. TESTING OF DIGITAL LOGIC CIRCUIT

The digital logic circuit, shown in Figure 5-5, was tested prior to its installment
into the overall converter circuit. The frequency of the TTL Signal Generator was
decreased to 1 Hz and with the output of the Phase PLD diverted to a bank of LEDs.
Each converter configuration was verified as the circuit sequenced from indices 0 to 35.

Each Phase PLD was tested and all sequences were verified as accurate.

G. SUMMARY

This chapter presented a broad overview of the alternative techniques used to
control modern power electronic circuits and then the design, implementation and testing
of a digital logic controller was described. The next chapter, Chapter VI, documents the

testing of the CMLC.
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VI. TESTING OF CMLC

A. PURPOSE
The purpose of this chapter is the documentation of all test results conducted on
the Cascaded Multi-Level Converter (CMLC). All testing was accomplished at the NPS

Power Laboratory with available lab equipment.

B. BACKGROUND

Prior to the final assembly of the CMLC, each of the following circuits/modules
were tested:

° Power Unit module,

J Operational Amplifier Power Supply, and

o Digital Logic Switching Circuit.

Each power unit module (discussed in Chapter IV) was given a post-construction
test. The test circuit, shown in Figure 6-1, consisted of a resistor load placed in series
with a 5-VDC voltage source, a function generator and a differential amplifier probe and
oscilloscope measuring configuration. The IGBT of the power unit was placed in series
with the resistor and dc voltage source, and a 10 kHz, 5-volt square-wave, provided by
the function generator, was connected to the input of the opto-coupler device. The
differential amplifier probes were place across the IGBT collector and emitter. The
power unit module was deemed satisfactory when the IGBT generated a 10 kHz, 5-volt

square-wave pattern.
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Figure 6-1: Power Unit Module Test Circuit

The operational amplifier power supply was first tested with one bank of eight
interconnected power unit modules as the power supply load. The test was satisfactory.
The 20 kHz, 30 VAC peak-to-peak voltage output from the power supply appeared across
the input of each power unit module and there was no distortion detected. The final
testing involved the operational amplifier connected to all of the 24 power unit modules
that make up the three phases of the CMLC. In this configuration, the voltage output
suffered a resonance effect causing the output magnitude to pulse between 30 VAC peak-
to-peak and 0 volts. This problem was corrected by adjusting the function generator
output waveform from 20 kHz to 40 kHz. At 40 kHz, the operational amplifier provided
a steady 30 VAC peak-to-peak voltage output.

The digital logic switching circuit test was discussed in Chapter V. Additional
testing involving this circuit was conducted to verify that all three phase programmable

logic devices operated correctly.
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C. TESTING

The following tests were conducted on the CMLC:

o Single phase — low voltage/low current,

J Two phases — low voltage/low current, and

. Three phases — high voltage/high current.

The tests were conducted in order, as listed above, to ensure that each phase segment of

the converter operated correctly and to ensure that all phase segments operated in the

proper phase sequence in a low-voltage, low-current condition, prior to operating the

entire converter in a three-phase, high-voltage, high-current condition. Table 6-1 lists

the equipment used to conduct all testing events.

Table 6.1: Test Equipment List

. Part or Model

Equipment Parameters Manufacturer Number
Oscilloscope 100 MHz TEKTRONIX | TDS 3012B
Oscilloscope 4 Channel TEKTRONIX | TDS 540
Variac 0-280V, 25A,12.1 kVA STACO 2510-3
Power-stat 0-280V, 15A SUPERIOR 1001
DC Power Supply 0-30V, 2A TEKTRONIX PS 280
Power Diode INVERPOWER | P101 DM
Rectifier
Filter Capacitor INVERPOWER | P106 FC
Function Generator | 11 MHz, 10V, 2A TEKTRONIX CFG280
Current Probe TEKTRONIX TM502A
Inductor 42.5mH, 10 A INVERPOWER
Resistor Module 3 kW INVERPOWER | P108 RL
High Voltage 1300V /130 V TEKTRONIX P5200
Differential Probe
Multi-meter, Hand- EXTECH Multi-master 560

held

True RMS
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1. Low Voltage/Low Current Tests

The input voltage sources for the low voltage/low current tests consisted of two
TEKTRONIX DC Power Supply units. Figure 6-2 shows the configuration of the power
supply units and the CMLC. One power supply unit was configured to provide £ 30
VDC to the upper level of the CMLC and the second power supply unit was set-up to
provide £ 10 VDC to the lower level of the CMLC.

IJ 2
+30V
TEKTRONIX
DC Power Supply
+/- DC s/l
(+/- 30 volts DC) ov
-30V 0
—L H
+—J x
+10V
TEKTRONIX ' Y
DC Power Supply - j 1%
(+/- 10 volts DC)
==
-10V o
1 J

Figure 6-2: Testing Configuration (Low Voltage/Low Current Condition)
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The load connected to the CMLC, during the low voltage/low current tests was a
42.5-mH inductor placed in series with a 60 Q resistor bank on the resistor module. To
match the impedance of the resistor and the inductor

R 60Q

f = l =
™2zl 2m(42.5%107%)

=224.7 Hz, (6.1)

was used to determine that the CMLC Digital Logic section must be operated at 224.7
Hz.
a. Single Phase — Low Voltage/Low Current Testing
During the low voltage/low current test of CMLC’s Phase ‘A’, ‘B’ and
‘C’, the current probe was adjusted to 0.5 A/Div and the high voltage differential probe
was set at 1/500. Figure 6-3 is an oscilloscope digital image of CMLC Phase ‘A’ output
voltage waveforms. One measurement was taken across the output terminals of the
CMLC (chopped voltage waveform) and the second measurement was taken just across
the load resistor (solid voltage waveform). The CMLC zero-to-peak voltage output
waveform measured as follows:
-- 1.52 Divisions x 50.0 mV/Divisions = 75.0 mV (Actual oscilloscope output)
--76.0 mV x 500 =38 V (Differential amplifier correction)
The 38 V output compares closely to the maximum voltage (expected) of 40 V as

calculated in
. 4E
Maximum voltage (expected) = 3E - (—-1E) = 72 40 volts, (6-2)

where E =20 V. The difference between expected and actual values is attributed to the
rated total switching loss of each transistor in the circuit. This difference in values will
be present throughout all testing phases. The expected voltage across the resistor was

28.3 V as calculated in

Ryt =Z,2+ 7,2 =/60.0° +60.0° = 84.85 Q, (6-3)
po=Ye = 471 ma, (6-4)
R,, 8485
and
Vi =Ryl =60(0.471x107) =28.28 V. (6-5)
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(Note: The values calculated in Equations (6-4) and (6-5) are r.m.s. magnitudes)
The zero-to-peak voltage across the resistor (solid voltage waveform) measured as
follows:

-- 1.05 x 50 mV/Div = 52.5 mV (Actual oscilloscope output)

--52.5mV x 500 = 26.25 V (Differential amplifier correction)
The 26.3 V output (actual) compares closely with the expected value of 28.3 V. Figure
6-4 is an oscilloscope image of the output current (i ;) superimposed against the CMLC
Output Voltage waveform. The measured value of the zero-to-peak output current was
as follows:

-- 0.95 Division x 0.5 A/Division = 0.475 mA
This value compares closely to the expected current output of 0.471 mA. Table 6-2
shows the actual and expected values of each voltage and current measurement in Figures
6-3 and 6-4.

Table 6-1: Phase ‘A’ Voltage and Current Measurements

Expected Actual
VeMLE Output 40V 38V
VResistor 283V 263V
las 0.471 mA 0.475 mA
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Figure 6-3: Phase A Voltage Outputs (Chopped Waveform: Voltage Output of
CMLC and Solid Waveform: Voltage Across Load Resistor)
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Figure 6-4: Phase A Voltage and Current Output (Solid Waveform: Output
Current and Chopped Waveform: Voltage Across CMLC Output)

Figures 6-5 thru 6-8 are the oscilloscope images for phases B and C. Table 6-2 displays

the results of these measurements.
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Figure 6-5: Phase B Voltage Outputs (Chopped Waveform: CMLC Output Voltage
and Solid Waveform: Voltage across Load Resistor)
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Figure 6-6: Phase B Voltage and Current Output (Solid Waveform: Output
Current and Chopped Waveform: CMLC Output Voltage)
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Figure 6-7: Phase C Voltage Outputs (Chopped Waveform: CMLC Output Voltage
and Solid Waveform: Voltage Across R)
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Figure 6-8: Phase C Voltage and Current Output (Solid Waveform: Current and
Chopped Waveform: CMLC Output Voltage)
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Table 6-2: Voltage/Current Measurements for All Phases

Expected | Measured
VeMLC Output (Pha) 40V 38V
VResistor (PhA) 283V 263V
s 0471 mA | 0475 mA
VeMLe Output(PhB) 40V 39V
VResistor(PhB) 283V 275V
Tis 0.471 mA 0.46 mA
VeMLC Output(PhC) 40V 375V
VResistor(PhC) 283V 275V
I 0.471 mA | 0.465 mA

Transient waveforms were evident in the display of the CMLC output
voltage for each phase. The transient ‘overshoot’ occurred on the voltage level just prior
to the maximum and to the minimum voltage levels. This condition was considered a
minor problem as it did not significantly disrupt the output current waveform. The cause
of this transient effect seems to stem from the digital logic controller algorithm. This will

be addressed in Chapter VII as a recommendation for future work on this circuit.

b. Two Phases — Low Voltage/Low Current Testing

The testing of two phases simultaneously at low voltage and
low current was conducted to ensure that the digital logic switching circuit was
controlling the CMLC to produce three waveforms with 120° phase difference between
them. The same testing equipment configuration used during single-phase testing was
employed here. For purpose of clarification, the upper levels and lower levels of each
CMLC phase are connected in parallel.

Figures 6-9 and 6-10 are oscilloscope images captured during this two-
phase operation. Figure 6-9 is the voltage observed across the load resistors of phases
‘A’ and ‘B.” To measure the phase difference between the two waveforms, a voltage peak
from Phase A was centered on the y-axis and the oscilloscope’s vertical cursor was
placed at the Phase B voltage peak. The difference between the cursor and the y-axis
measured 3.0 ms. The period of the two waveforms averaged at 225 Hz or 4.44 ms, and
using
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3.0
L= 360" = 243, 6-6
/ (4.44]x (©-0)

it was determined phases ‘A’ and ‘B’ were 243° out of phase. The same analysis was

conducted on the phase ‘A’ and ‘C’ waveforms in Figure 6-10. It was determined that

phase ‘C” was 120.91° out of phase with phase ‘A.’
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Figure 6-9: Phases A & B: Output Voltage Across Resistor
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Figure 6-10: Phases A & C Output Voltages (Across Resistor)
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2. High Voltage Test

The objective of the high voltage/ high current test was to operate the CMLC in
three-phase configuration at a high voltage/high current condition and observe the
resultant waveforms. The voltages applied across the upper and lower levels of the
CMLC were set-up using the variac- and powerstat-voltage sources fed through the
power rectifier and filter capacitor modules. The upper voltage was selected to be 270 V
and the lower level voltage was established at 90 V (one-third the voltage of the upper
level). To ensure the load resistor and inductor maintained matching impedance, the
operating frequency was kept at 224.7 Hz. With these settings the expected voltage and
current outputs (across the load resistor) were calculated at 180 V and 2.12 A using
Equations (6-2) and (6-4) (where E = 90).

The TEKTRONIX Four Channel oscilloscope was used to capture the three-phase
current outputs while in the high voltage/high current condition. The current probes
connected to the oscilloscope were adjusted to 1.0 A/Division. Figure
6-11 represents a digital image of the oscilloscope current measurements. This zero-to-
peak voltage was recorded at 178.5 V across the load resistor and the measured current

was recorded at 2.1 A. Table 6-4 lists high voltage/high current condition results.

Table 6-4: High Voltage/High Current Test Results

Expected Measured
Vemice 180V 1785V
Avg. Phase Current 2.12 A 2.10 A
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Figure 6-11: Three Phase Current Output with Current Probe @ 1.0 A/DIV

Following the prescribed testing plan, the input voltage levels were increased in
30 Vand 10 V (upper and lower levels, respectively) increments to 360 V and 120 V
(upper and lower levels, respectively). While the CMLC was in this configuration, an
electric spark emanated from the upper level of the phase ‘A’ segment of the CMLC and
the upper level voltage source circuit breaker opened. The CMLC was then disconnected
to support troubleshooting in order to find out the cause of the casualty. The
troubleshooting revealed a burned-out section on the snubber card of the “T,” power unit
module. Figure 6-12 is a digital image of the damaged card. It appeared that the
damage was caused by the transistor collector-to-emitter current arcing over to the
transistor gate path on the circuit card, creating a short and causing the power source
circuit breaker to open. Further troubleshooting revealed no apparent damage to the

circuit.

59



Figure 6-12: Burned Out Section on T; Power Unit Snubber Card

D. SUMMARY
This chapter outlined the test results on the CMLC found in the laboratory. The

following tests were conducted on the CMLC and CMLC components to verify proper

operation:

Power unit module test,

Operational Amplifier Power Supply test,

Digital Logic Switching Circuit test,

CMLC single phase low voltage/low current test,
CMLC two phases low voltage/low current test, and

CMLC three phase high voltage/high current test.

In the final chapter, Chapter VII, project conclusions and accomplishments are addressed

as well as possible follow-on opportunities.
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VII. CONCLUSIONS

A. SUMMARY OF FINDINGS
This research documented the design and construction of a Cascaded Multi-Level

Converter (CMLC). The key areas covered in the thesis are:

° Detailed schematics,

o Detailed component parts/manufacturer’s lists,
. Documented component selection,

J Lab testing to validate design, and

. Converter layout.

The CMLC design process began with a component selection for the CMLC
snubber circuit and gate driver circuit boards. Components were selected based on
specifications provided by theoretical calculations and available components.

Chapter III detailed the component selection process while Chapter IV documented the
design of the CMLC Power Unit module components and the overall three phase CMLC
circuit. Digital pictures were taken of each component built for the CMLC. Chapter V
documented the design and testing of the Digital Logic Switching Circuit. Once
construction was completed, the CMLC was tested in the power laboratory to ensure all

components worked in low-voltage and high-voltage conditions.

B. OBSERVATIONS

This thesis project was a labor- and time-intensive effort due to the amount of
construction that was necessary. The building of the components and the overall circuit
represented approximately 70% of the entire thesis effort. Table 7-1 shows the

approximate amount of time spent for the construction portion of the project.
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TASK TIME

-- Build Snubber Circuit Card. 3.0 Hrs
-- Build Gate Driver Circuit Card 5.0 Hrs
-- Assemble Power Unit Module 1.0 Hrs
Assemble 24 Power Unit Modules 216.0 Hrs

-- Assemble CMLC Phase (8 Power Unit

8.0 Hrs
Modules/Phase)
Assemble 3 CMLC Phases 24.0 Hrs
-- Build Operational Amplifier Power Supply 8.0 Hrs

A considerable amount of time would have been saved by having a CAD-CAM system,
capable of preparing circuit boards for population, available at NPS.

The CMLC hardware proved to be robust and durable. In order to tap the
potential effectiveness of this converter topology, the digital logic controlling algorithm
requires further research and refinement. This improvement should eliminate the present
transient ‘glitches’ present in the current operation of the converter.

Further investigation into the casualty incurred during the post-testing high
voltage operation revealed a design improvement that is needed to ensure reliable
operation in future CMLC testing. The snubber circuit card layout needs to be
redesigned in such a manner to ensure that the transistor gate region is moved further

away from the transistor collector-to-emitter current region.
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C. FUTURE WORK

With CMLC technology offering high power conversion with reduced current

waveform harmonics, continued research in dc-ac converters is vital for the future of

naval ship electrical systems. Many issues still must be addressed in this design area.

Possible areas for future research include:

Development of Space Vector Modulation Switching Circuit,
Development of Sine-Triangle Pulse Width Modulation Switching Circuit,
Comparison of switching techniques,

Use of CMLC in analysis of propulsion shaft transient noise, and

The construction of a reduced-scale IPS at NPS to facilitate additional

student thesis projects.

With IPS selected for DD(X), it is critical for research to continue in this area.

DC-AC converters are an integral part of any electrical distribution system and the Navy

must continue with research in this area to ensure successful and reliable systems are

delivered to the fleet.
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APENDIX A. DATA SHEETS

Appendix A contains data sheets for all the major components used to construct

the operational amplifier power supply and the Cascaded Multi-Level Converter.

A. NATIONAL SEMICONDUCTOR LM12CL 80W OP-AMP [From Ref. 12.]

LM12CL
80W Operational Amplifier

General Description

The LWM1Z |5 3 power op amp capabls of divng 1259 al
+104 while op=raling from +30% supples. The manalitiic 1C
can deliver BOW of sIna wavs power Inlo & 400 khad win
0.01% disloiion. Power bandwkin 1s B3 kHz Furlhar, a
peak dissipalion capatilily of 80OV sllows 1 o handis aac-
e loads =such &= ramsducers, actluakors or small mokes
wilhicut dersiing. Imporant featurss neluds:
« Inpul praleciion
= controlled um on

thermal Imiling
+ overvoltage shuklown
+ oulpu-curent Imiting
«  dynamic sala-arsa prateciion
The IC delvers £104 oulpat curent at any oulpal voltaga
yal Is compllely probacied agans! overbads, Induding
shirts 1o Ihe supplies. The dynamic sake-area prokection |8
FII'O'-ﬁBj U'_l' Inskantanaous FEEIQ-|EITPE‘|’9|[ITE‘ ||I'I'||||'Ig within
thia potweEr Irarskor arrEy.
The lum-on characterstics are controlled by keeping 1he
oulpul open-dredtad unll he tolal supply wollags reaches
14, The oulpul 15 also opaned a8 Ne casa RImperaiure S5

ﬂﬁﬂl‘iuﬂaf Semiconductor

Mery 1560

cesds 150°C o as the supply woltaje spproaches the
BV ey 0 e culput ranskskons. The IC wilhstands ovenalt-
agas 1o B0V,

This monolithiz op amp 1s compensaked for uniby-gain fead
beck, with a smal-skgnal bandwidth of 790 kHz. Skew ras Is
Shlys, even &s 3 fllower, Diskortion and capaciive-lad sta-
Billty rival ihat of 1he best designe Using complementary oul-
put Iransisiors. Furthar, the I withstands arge diferential
npul woltages  and s well behawed  should  the
COMMONHMoG: 1ange ba sresdad.

The LK1 2 estabiishes that moralihic 1Cs can delver consld-
efabla oulpul power wilhout resarling o complss swilching
schemes. Devices can ba FGIE|HEG o Dﬂﬂg&j far &ven
grealer culpul capability Applications Inclda operationa
powear sUppIes, Nighovllage requialors, ngh-qualty awo
ampliliers, laps-head posiioners, =y plollers or olher
sEno-coniml syslems.

The LMAZ2 ks suppled In a fourdead, TO-3 package wilh -
on Iha case. & gold-aulecte die-allach toa malybdenum in-
ferfacs Is used to avokd thermal tatigue problems. The LM12
= EFB:‘"EIJ for elther ITI|||E["' or commerndal |E|'I1FE(EILII'E'
rangs:

Connection Diagram

Vo CkSE)
LSBT
4-pin glass apooy TO-2
sockal s avallabie from
ALGAT NC.
Part number S12-AGT
Battom View

arder Humbar LM2CLK
See NS Package Humber KD4a

Typical Application®

commen
groand -
peinl

[1e g By
*Liow cheortion (11.01%) aucko ampinar

D 1099 Nalional Semiconductor Corporatian. DS00ETO4

e national.com
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Absolute Maximum Ratings s 1) Storage Tamperaie Rangs -B5C o 1500

If Mllltary/Aerospace specifled devleas are required, Lead Temperature

pleasa contact the Hatkenal Semicond uctor Sales Offlcel [Soldarng, 10 seconds) 30T
Distikutors for avallability and speciiications. i }

Toal Supply Vollage (Nots 1) o Operating Ratings

Input vallage {Moka 2 Tokal Supply oltaga 15V to 6Ov
Culpul Current Inkrnaly Limiled Case Temparalurs (Mate 4) 0°C o Forc
Junclion Temperature {Mota 3)

Electrical Characteristics ok 4

Paramatar Caonditlans TvR L2CL units
25C Limlts
Inpul Ot Vallage 10V = Wy = 205 Wy, Wiy =0 F] 15/20 T )
Input Blas Current V- kA S W g, S W —FY 015 0.71.0 WA e
Inpul Ortsst Current W= £ N < V-2 .03 0.20.3 A (M)
Common Made V-l £ Wy, £ W =T B TOMS dB jminj
Rejaclion
Power SUpply Wi = 05 Wyan o TOES dB jminj
Rejeclion B = V- 2 0 Ve
W- = 0.5 Vigax 110 F=Tri] dB {minj
BY 5 WS 05 Vg
Culput Saturation by, = 1 M5,
Thrashakl Ay = 510 b mi,
Iy = 14 18 22125 W (max)
BA 4 s7 W (max)
104 5 W (max)
Larga Signal Voltage by = 2 ms,
Galn Vear = 2, lpur =0 100 il W (ming
Vaay = B, R = 402 ) 1510 Wi {minj
Thermal Gradent P = S0V, Ly, = 65 ms ) 100 A ()
Fesdback
Culput-Corrent Limit begy = 10T, Wy, = 100 13 16 A (max)
gy = 100 ME, Vpms = 58V 1.5 0.90.6 A {mng
15 1.7 A (max)
Power Dissipation Legy = 100 M5, Ve = 20V 100 BO/SS W minj
Rating Vims = S8V Bl 52035 W minj
O Thermal Reslskance Mole 51 W we = 20V 23 2.0 CHV (M)
Wi = SV 27 4.5 CHY (MR
AL Thermal Resklnos Male 5) 16 21 CAV (M)
Supply Current Worr =0, gy = 0 3] 120140 A jmas)

Hotm 1: Absodule med mum ratings ind cota Imils beyond which damaga to ta devica mayocour. Tha masmum volioge for which the LMAZ Is guaranked in oparata
Is ghan In e cparaing ratings ond In Mok 4. \Wih inductiva loods o oulpul shoris, othar resi cions daseribed in applications secton apply.

Hote 2: Malthar npul shoud @xcaed e supply wolage by Mo han 50 wols nor shoukd e volnga balmsn one INput and any oiher larmingl sxeead 60 volls
Hota 3: Operating Junlon kempariur |5 niemaly [miksd e 2750 wihin R powar trensision e 16070 for e soninol drmulny,

Wotm & The sLpply wollaga b £30% [y, = S0W], Uniess othenalsa s pacfiad. Tha volloge @ oross ha concusing ouipul ranslsior (SLppl 4 oulpul) s Yy g ond
Inkamal poswer dissipaion |5 Py Temparsture range s I'C < T < T1'C whara T |5 e cosq lamperaiune. Stardard hpefacs indicaks imis g 25°C while bold-
Tace by refars 1o limits or spacial concitions ovar full lemparature range. W no heat sink, the packaga wil heal at o rate of 350 sac per 100 of miamal
cissipation

Hota 5: This tharmeal raststance is based Upon @ paak RMpenalaE of Z000C N he cenlr of 1ha powar rans st and 8 casd empeniang of 35'C measured al he
cenler oftha packaga bofom. Tha MmaHmum luneion kmpenatung of e eoniol Ay can b estimaled tased upon e el resistonce of 0.97CHW of o e
hermal resistanca of 04°CAW Tor any oparating volaga

Altheugh the culput and supply leads are reslstant to electrostatic discharges from handling, he Input leads ae not
The part should be treabtad accordingly,

W riathanel com 2
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Output-Transistor Ratings (guarantead)

Safe Arca DG Thermal Reslstance Pulsa Thermal Reslstance
e L — L —_—
s =03 Tp= B4 L 1,7 {E7E -
B 1|'| 1 = Il - F ) L —— ’ i ¥
E '\ \“\“‘ S oo I o
g AN ¥ | | z
E \:\\\\ '\-\h\ B ':.:
-3 To= %8s Q "\\ . ]
g Ty=3meL \\ 3 d
- - “k\\\_- = 3 g
 — T E £
L4 ! z
1 A Els x 1 10
COLLESTOR-DRiTICE WOLTEEE (9] COLLEZTOR-DiTTER VOLTEED (V] FALSE WiTH [me)
e -3 BRI -
Typical Performance Characteristics
Fulsa Power LImit Pulse Powear Limit Paak Oulput Current
[T T 1205 = " =
.\i Ll ———
\ i
& = bl | 1 ;
- = & Te = 1550 L £ =
E |- g T E
1t =
| oy T H0EFn ks
T = 3N E
] ] — L]
a1 L] o L1y 4]
CO8LECTOR - DmdTTER WOLTAEE 1) .
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L] = - o e e
- I e
k]
B & o =218 i" 2l | L 2 P L1
= ¥ vy =1 £ ! .lil
85 = THO™ S5 5 o
: E ST F TN
= E a £ -m
z E] 1\ = v \f\,._,_
‘\\ = W
MLl
o o -8
-0 [ i (03] isa Wk ik ] a H moM o ™
CAST TEMFEATATURS [=C) FREDLEWCF [Hr] ML [
500 L IS -1 50082
Large Slgnal Galn Thearmal Responss Total Harmonlc Dlstortlon
] 3
|
‘:'-.- = 3.: 2 1 1 SDURCT
= | =— [ o L ¥
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i = S [+ F THE H
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Typical Performance Characteristics continuea

Application Infermation

GEMERA&L

Twenty 1ve years ago the operational ampliier was a spa-
chalized dasign ool used primanly or anaog computation.
Howerwar, the avallablity of kow cost 1IC op amps Inthe lale
19E0s prompled thair use N orather mundane applizations,
replacing a few discrete components. Once a few basic pin-
ciples ara masterad, op amps can ba used [ give axephion-
lly qood results na wide mnge of spplicsions while mini-
miArg bolh costand design et

The avallablity of a monolthic power ap amp now promises
to exlend these advaniages 1o Nigh-power daskns. Some
conwelional applicalions are glven hare o lllusiEle op amp
daskgn prindples as they reiate o power dredlry. The ined-
tatle fall n prices, as the economies of yolume production

Fresjuency Response Cufput Impsdance Power SUpply Rejectlon
=] 135 0] P b srrgy = wsem
——c=ciiie==ozc|
~L ] ] TSI TN,
i . =Eatiiiimmmri
' N F] 50 et e e d il
Loty \'\H 138 i' ] € \ f—
] Mol W = = ] z
= b [ £ 1a |- TR Y R o ew
) D "\ £ & E I
x \i‘\ 145 : ! 3 £ WAL \
i 2 = 20 bttt et e -
'] ¥ r E J— !\\
5
[T T L T T R TV B T ik i i il h e W ']
FEEQUEMCY [H1) FRECLEWCT (Hal FRECARMCT [Hal
AR A SO0 - (o= £
Input Blas Current Input Nodse oltage CGoinmon Mode Rejection
Bl - . . e S
]
o i - i - Ty '
3 S ) il
E ool q E = il -
oz ] My o
¥
ol Ll | P Il
-5 [ 51 (51 s ik Hk Mk u
CHSE TONFEELTRRE (7 C) PADFILSLY k) TREDLINCE (4]
T 35 EEAAT e Bk
Supply Current Supply Current CrasSupply Current
I“_..;,_-.;.I H m I [} |||
] e ] | I i Rl L b Wk
B e Ty= 13570 B 1 | It Wan=2aW
T w — T | z oo /
= i Te 7 B4 L = "-..“_‘ ! 4 "':"
I . I PEETLUg £
] “ " [ET | = | Pt ':: g " Fl
S
] w L - lt1 1 wl LiF.
Ny = APAN E 2 i
N " ] LI P L1l
3 ] 11 L] ST £ u i ik Sk e Mk b6k
SUPPLY WILTARE (av] CUTRLUT W3LTALE (0 PR ALY gkap
CERRETH 45 (= E TR ol e 51

are realizad, will prompt their use In applcations thal might
oW sEam Irfvial. Replacing sngle power Imnsistons with an
op amp will becomes economical becaluse af improved per-
formance, smpification of attendant cirewilry, vasty 1m-
prowed fault protection, greater reliabiiby and the reduchion of
dasign me.

Powear op amps Infroduce new factors nto he deskgn equa-
Hion. With currant iransients abows 104, both e nouctance
a reslstance of wire Inkerconnects becoms important in &
rumber ol ways. Further, power ratings are a crucla factor in
dalermining perfomance. But the power capability of tha I
cannol be realirad urless 1t s popedy mounked 1o an ad-
equale hea sink. Thus, therma deslgn B of major mpo-
tanee wilh power op amps.

This application summary starks off by Kenlifying the origin
of slrangs problems observed while wEing the LMA2 In a

e reatioread com 4
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Application Information (contnued)

wids varkety of desions with al sorks of fault cardiions. A kw
simple precaulions will Siminate ihese poblems. One
wauld do well to read the section on supply bypassing,
lead [nductance, output clamp diodes, ground lops and
reactive loading hefare doing any expermentatlon.
Should there be problems with erratle operatlon,
blow-outs, excesslve distortlon or esclllatien, ancther
lezk at these saclions s In oer.

The management ard profeclion drediiry can ako affect op-
aralion. Shoud he tolal supply voltage emcead ralings o
drop bakow 1520V, the op amp shuls off completely. Case
tamperaiores above 150°C ako cause shul down until ihe
tamipe e dropes 1o 145°C. Thils may take sevaral seconds,
depanding on fhe thermal syskem. Activation of the dynamic
sale-area prokechon causas bolh the main sedback [oop
Iose control and & reduction in output power, with possiblke
o=cllations. In ac applications, the dynamic projecton will
causs wavelorm dslrlion. Sincs the LMA2 |5 well pralected
aganst thermal overosds, the suggestions for datermining
power dissipation and heat sink requirsments are presented
lasl.

SUPPLY BYPASSING

Al op amps shouk have ther supply ads ypassad wih
Iow-inductance capaciions having short keads ard located
closs o the package lermnas o aveld spuriods ceclliaion
prablems. Power op amps raqure lager bypass capadtons.
The LM 2 |5 stable with good-qualily electrolyic bypass ca-
pacitors greater than 23 pF. Olher considarations may re-
quire lamger capadtans.

The cument in the supply leads s a rectiied component of
the load current. If adequals bypassing & mot provided, this
diskorted slgna can be fed tack N imemal erediry. Low
dislortion at High Tequencies requires thal the supples ba
by passad with 470 pJF of morne, at the packags leminalks.

LE&AD INDUCTANCE

'With ardinary op amgs, kEad-inductance problems ars usu-
aly restricled o supply by passng. Powsr op amps &e akso
sansiive 1o inductance in the output kead, paticuay wih
heawy capacitive bading. Feadhack o the Input should be
takedn direcy from the cutpal terminsl, minmizng commen
Irductancs with the load. Sareing o a rmoka load must b
aooompanied by a high-requency teedback path dirscly
fram the aupul Eminal. Lesd nNouctance can ako calss
vallags surges on the supplies. Vath 1ong leads 1o the power
sauree, enargy slored N the kead induclance when thes oul-
put Is shorled can be dumpsd back inko the supply bypass
capactions when the short B remaved. The magniiude of this
transient |s reduced by Ncrassing the se af he bypass ca-
paritor near the 1. With 20 pF local bypass, these vollage
sLIges are important only i the keed lengh excaeds a couple
fael (= 1 PH kead nouctance). Twising together the supply
and ground leads mnimizes the effect

GROUND LOGPS

Wilh fagt, high-current dreulry, all sors of problems can
allsa [rom Impropsr grounding. In genedal, dificullies can be
avclded by returning all grouvs separakely 1o & common
point. Sometmes s Is Impractical. When compromising,
spacial att=nion shouk ba pald o he ground r=tums for ihe
sUpply bypassas, kad and Inpul signal. Ground panes ako
help [0 proside propsr groundng.

Many problems unrelaked o syskem peraimance can be
traced to the groundng of Iine-operated test equipment used
far syskem checkoul. Hiddan paths are particular y difficult ko
sorl out when several pleces of lest esquipment are usad but
can be minimized by using cument probes or the new o
laked cerllboscope pra-ampliiers. Elimnating any  direct
graund carnecian betasen the signa generakon snd the os-
cllioecope synchronizalion Input salves one common prob-
lem.

CUTPUT CLAMP DICDES

Whan a push-pull ampltfier goss Inta power lmit while dilyv-
Irg an Irductive load, the skiored energy N he oad induc-
tanca can drive the oulput oulside the suppliss. Although the
LM1Z has Internal clamp dicdes thatcan handke several am-
pares for a kw millsaconds, exiremes condlons can causa
destruction of the IC. The Inkrmal damp dodes ars Imper-
fect In that aboul hall the dlamp cumrent Tiows inta the supply
to which the oulput 1s clamped while the ofher hall iows
aCrass the supplies. Theretor, the uss of exemal diadas
clamp the oulpul o the power supples 1s siongly recom-
mendad This B parliculaty important with higher supply
vollages.

Expedence has demonslraled that hard-wire sharling the
oulput ko the supples can Nouce random Bllures I hese sx-
ternal clamp dicdes are not used and the supply vallages ane
aboe T30, Theredor: IF i prudent o use outpuiclamp d-
odess even when the lead 1s not pariculary noduchve. This
akn applies o expenimental setups in thal biowodls have
been cbserved when diodes were nol used. In packaged
equipment, it may ba possible 1o elimnale thesa disdes, pro-
widng that fEult condilons can bs contmlled.

R

ouT

+u

DS &

Heat sinking of tha clamp dicdes & usually onimpartant in
that they only clamp current rarsients. Forsad drop with
154 fadlt frarelents & of greaker concern. Usualy, thess
transients de aut rapkly. The clamp o the negaive supply
can have somewhat reducad elfectivensss undar warst cass
conditiore should the forward drop excesd 1.0, Mounting
this dicde o the power op amp heat sink mproves e sit-
alion. alihough the nead has only besen demonsiratad with
some motor laads, Incudng a third dode (03 abave) will
elminate any concam sbout the damp dodes. This dode,
hcwevar, must b2 capable of desipaling continuous poser
5 datemmined by e negative supply curent of the op amp.

REACTIVE LOADING

The LM1Z s marmaly stable with resisive, Iductive o
emaler capaciitve loads. Larger capadtive oads interact
wilth the open-koop outpul reskslance (about 105 o reduca
the phase mangin of ihe faedback loap, Uimaky causing
o=cllation. The cilical capacitance depends upon the teed-
back applled amund the amplifier; a unity-qain clower can
hardle shout 0.01 pF, whike mare than 1 pF does not cadss
prablems if the loop gain ks ten. 'With lbop gaire grealer than
unity, a speedup capaciion across the faedback Essor Wil
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Application Information continued

ad stabllity. In gl cases, he op amp will behave prediclably
only if he supplies are property bypassad, ground 100ps are
conirclizd ard highdrequency faedback 1s dartead drecly
from the aufpul lerminal, & Ecommendad earler.

2o-calied capaciiive loads are nolb atways capadiive. A
High-0 capaction in combiraton with long kesds can present
a sefles-resonant bad o the op amp In praclics, this i not
U Ely a problem; bul the sliualion should be kepl inomird.

1
A4y

ouT
1] El
47

CEXM-7

Large capaciive loads (Including sefles-resonant) can be
aooammodated by Eolaling the fesdback ampliiar from he
Ioexd as shown above. The Irdusion ghas |ow output Imped-
ance a lower frequencies while prosdding an Isclaling Im-
pedance at High requendes. The resistor kills ha @ of sa-
s resorant dredts fomed by capacilive loads. A low
Inductance, cabon-composiion resiskor B racommended.
Optimum walues af L and R depend upan the faedback gain
and expecied nabura of 1he laad, bul are nol criical. A4 pH
Inductor | cbtaned with 14 Wms of rumter 18 wie, chse
spaced, around a ana-nch-damater fom.

T
.

I 2

The LK1 2 can te made stable for al koads with a large ca-
pacitor on the oulput, as shawn above. This compensation
gives 1he lowest possible closeddoop oulput Impedance at
high frequencies and the best bad-rarslent responss: 11 &
appropralte for such applicalons &= wollage ragulators.
Afaedback capachion, ©,, s connactsd direely 1o the output
pin af the IS, The cutput capaciion, C,, & connecled al the
oulput termina with short eads. Single-point groundng o
Fvakl do and & grourd koops B adised.

The mpadance, 4, & ihe wirs connaching the op amp oulput
o the load capadbon. About 3-inches of number-18 wre
(7O nH) @ves good stabiliy and 184nches (400 nHj begins
to degrade koad-lranskient response. The minimum oad ca-
pactlancs B AT pF 1 a sold-lantaum capadbor with an
eqjuvAant sefles rasistance (ESR) of 010018 used. Elecim-
Iylic capacitors work a5 wel, allhough capaciance may have
to b Increased 10 200 jF o bing ESR below 0100

Laop stability 1s not the only concern when op amps ae op-
eraled wilh reactive ioads. Wth tme-vandng sknals, power
dissipation can alko noreass markedly. This 1s parficularty
true with the combnation of capadiie  kKeds and
High-frequen cy escitalion.

INPLIT COMPENSATION

The LM Z |5 prone to low-amplitude oedliation bursts com-
Ing aut of saturatian I the high-requency 10op gain & near
unity. The waltage folower connecion 5 most suscaplible.
This gdiching can bs elminaled at the expense of
smallsignd tandsidin WEing Nput compersation.  Input
compareation can ako ba used Incombination with LR 1oad
sl ation o improwve capacitive oad stabilit

[0 B

An example of a woltade iollowar with Inpul compens alon &
shirwn hare The R,C. combination acroes e input warks
wih R, 1o reduce kedback at high frequencies without
greally afecting response below 100 kHz A lead capadtor,
C,. Improwes phase margin at the unity-gain crossover fre-
quency. Proper operalion raquires that the oulput impedance
ol the dredliry driving 1he fallower be weall under 1 kil at fre-
quancias up to a few hundred Kicherz

ouT

O e

Extanding npul compensation o ihe Integrator conneclion &
shwn here, Balh I Tolower ard s ntegrator il hardle
1 PF eapaciite ksding wilhaut LR oulput isoislicn.

CURRENT DRIVE

R R2*
10k 10k

* PRECIZON RESET0RS
ST

This circult prowides an outpat current propofional o the in-
put woltage. Current diive 1s somelimes predmad o seno
matars becauss i akds In slabilizing the servo lop by reduc-
Ing phase lag causad by mokr inductaree. In spplications
requinng high culput resistance, such &5 operational power
supplies runnirg in the curent moda, matching of e fesd-
tack reslstars o 001% Is required. Atamalely, an sdjust-
ablz rasklor can be usad for imming.
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Application Information (contnued)
PARALLEL 3PERATION
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Culput dive beyond the capablity of one power ampliier
can be provkled as shown here The power op Smps ans
wirad as kllowers and connected In paralel with the oulputs
coupled  thmough  equdizslion reskks. A slandard,
highrvollage op amp Is used o provide vollsge gan. Cverdl
feedback compersatas far the voltage dmopped across the
equaltzation rasksiors

wilh pardlel operation, here may be an noresse noun-
loaded supply current relatad o the offsel woltage sooss the
equaltzaion resistors. More oufpul bufters, with Individual
eqqualtration resiskors, mey be added b mest even higher
diive requiremenis.

Ri
1k

XA M-11

This connechon alkows Increassd oulpul capabilily without
resjuiring & saparate conlrol ampiiar. The oulpul bufkern, &,
prawkles koad cument through Ry, equal to that suppled by
the main ampitiar, A, through Ra. Agan, mans oolput b-
ars can ke added.

Cument sharing among paralieled amplliers can be affected
by galn ermar &= ihe power-tandwidih limit s appmached. In
thie first credt, the operatng curent incressa will dapend
upan the makching of highdrequency characlenstics. Inihe
sacofed creull, however, e entire Input emor of A, sppears
acrass By and Ry, The supply current Nereasa can cass
power imiting o be aclivaled as he skew Imit s ap

praached. This will not damage the LM 2. 11 can be avoked
In tath cases by connachng A, &s an imvering ampliier and
reshicling bandwidth with C,.

SINGLE-ZUPPLY OPERATION

PO o |

o 2505,
Mk
Rl ouT
1k ]
Sk
- "-"-"-

S AR A ouT
Rl g2 7 e
0k 5oy 5l 0.

. b

R4 p1 13
10k 50k 50

=H ="y ‘-"1-"1-

ISO0ENM -1

Allhough op amps are usualy operaled Tmm dual supplies,
single-sUpply opsmtion | pracical. This bikge amplilier
supples W-drectional curent dive o a ssro motor whike
oparating fram a single posites supply. The outpat i easily
converizd o volksge dive by shorting R, and cornecting B,
ta tha oulpal of A, rather than A,

Efther Input may be groundad, with bi-directiona dive pro-
vidad to the other. [11s also pass bk o connect ans inpul
a posltive refarencs, with 1ha iInput skgral varying aboul this
vollage I the reference voltage Is atove 5W, R, and R, ana
it required.

HIGH WOLTAGE AMPLIFIERS

DR - T

The voltage swing daliversd 1o the load can b2 doubled by
BN the bridge connectian shown here Culputclamping [
the supples can be provikded by usng a bridgerectilier as-
sambly.
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Application Infoermation continued)

-IH Wiy
1

DESORe e

ane imitation of the standard bridge conneclion s ihat he I0ad cannat be elumsd i goond. This can be cicurvernied by op-
eralng INe bridgs wilh Noaling suppliss, =5 shown sbove, For single-endad drve, allnar Inpul can b= grouandad,

[ s B R

This circuit shows how bwo ampliers can be cascaded (o double oulput s#ng. The sdvanlage over the bidge is that tha output
A b Increased with any number of slages, dthouh saparala supplias ars raguirad for each.

[y T

oUT =
Rz £ L1
135 4
LR3 ci
20k 100p
Joix b
IHAAAS N B oTn T 390
&1 LWi2 A
1k 1//, - Rid
DA% b RS b 4 & i
ik Xk Fse ] cs
3 .
1% =R a1 i T 0022
CIFELES -
Bl
108
- ' g T

LS00 -1

Discrede irarskskors can be used o noreass cutpul ot o £700 ak +10A as shown above. W propsr hermal design, the 10
wil provide sale-arsa prateciion far the external iransistons. Vollags gan s about ihrty.
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Application Information jcontnued
COPERATIONAL POWER SUPPLY

0 g
e gk 200%
i Lz
.
o e |
ZHTHT ™ |

15V

L]
et

IMII22

Rk

1k
IH =AAA

W

Note: SLpply vlloges for a LSS ame +156

[t b SR

Exlernal cument limit can be provided for a power o amp as shown above, The positive and negative current limits can be set
prectsly and independently. Fast resporss |5 assured by 0, ard O, Adjustment range can be sel down o reo with potentiom-
alers R, and R, Alternately, the imit can b programmed from s vollsge supplied 1o R, ard R, This 1s ha sat up require for
an operational power sUpply o voltage-programmablke power soume:

SERVO AMPLIFIERS
Whan making sarva syslems with a power op amp, there s
a lemplalion 1o use It Tor requency shapng to stablllzs |he
==l ] |III|:|. Somelimeas this warks; olher imes ther= are b=l-
bar walys; and corashbonally | [ust dossn't Ty, Usually I0s a
malter of hcv.\quuu'f and o what aocuracy Ihe servo musl
stabillze.

A T

This moboriachometer sarvo glves an oulput spesd propor-
Honal b Input vollsge. & low-kvel op amp |s ussd for e
quency shaping whie [Ne powsr op amp provides cument

dve 1 ha molor. Curent drive giminales bop phase shil
duie o molor nductance and makes high-pEiomanss sef-
wos agsler o shbillze.

e

.f:‘ Rl | o3 md

WA LML
RZ < RS

= 1.6k ]9

B

— [
20k

1k

IR

This posilion sara uses an op amp o develap the rale sk-
rmal &echicaly nskead of using a lchomear  In
highparformancs servos, rEle signas must ba devwsloped
wilhi large error sknals wall beyard saturation of the mokor
drive. Using a saparate op amp with a fesdback damp 8-
lows the rale signal o be developsd popsrly wilh position
BTOE More han an order of magnilude beyond 1he
Inop-saluration level s long s ihe pholodiods sansars ane
posllioned with this 0 mird.
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Application Information continues
WOLTAGE REGULATORE

K, LaE 11
]

EEE-

An op amp can be used &s 8 poeltive or negative reguiatar.
Unliks mast ragulakars, it can sink corrent to absorb energy
dumped back Inta the oulput. This posilive requiakr has a
0-50% oulput rangea.

L

> M

LYY

I

| "ELEEEE]

b =
=

Dusl supples are not required 1o use anop amp as & vollsge
raguiatar i zano aulput s not required. This 44 o 50% rsgu-
latar operates from a sngle supply. Shoud e op amp not
e abke 1o abeomb enawgh enerdy 1o controd an overvoltage
condtion, a SCR Wil crowbar tha culput.

REMCTE SEHSING

M
c2
A2 1a
5K w
11
R T
1 pt Silk

IS0

Remota sereing as shown abave slows the op amp o oor-
ract for oo drops N cables comneciing the bad. Even so,
cable drop wil alfect trans knl response. Degradalion can be
minimized by using tsiskad, heavy-gQauge wies on the oul-
put lina. Momaly, common and one input ars comecked o-
galher al the sarding and.

AUDICS AMPLIFIERS

-

A0

A pormar amplier sultable far use in hioh-qualiy audio equip-
mant 5 shown sbowe. Hamonke dislortion s about
001-pament. Intermadulation diskoion (80 HaT kHz, 4:1)
maasured 0.015-percent. Transken! resporss and saturation
recovary are dean, and the 54 s slew mbs of the LWA2 -
hially elminakes franskent Inlermodulalion diskotion. Lsing
separake amplilers o orive low- ard high-requency speak-
&5 qets ril of highdevel crossover netwarks and attenua-
tors. Furher, it prevants clipping on the low-frequency chan-
rial from dstarling the Rgh requencies.

DETERBIMIMG MAXIMUN DISSIPATION

It Is a simpla mattar o establish power requirements k& an
op amp driving a resishive load al frequencies wall below
10 Hz. Madmum disslpation ocours when the oulput 1S at
one-hall the supply vollage with high-line conditions. The in-
didud output ransistons mustbe rated o handis his power
confinucsly &t he madmum expected case temparatine.
The power ralng ks imited by ihe madmum junchion tem-
parature as delermned by

Ty =To + Prass Hic,
where T I5 the case lemperalre as measwred al the center
ol the package toltom, Pr, . |5 he masimum poser dissipa-
tion ard o, ks ihe thermal resistance at the operating wolt-
== of the oulput ranskslor. Recommended masimum junc-
tien lamperaiores sre 200°C within the power transistor snd
150°C ko he confrol eiroutry.
I thera Is ripple on the supply bus, 1t s valid ko use the svar-
=32 value N worsk-casa calculalions as ong &s the peak rat-
Ing of the power Iransiston | nol excesded at he rpple peak
Vil 120 Hz npple, s s 1.5 imas he contnuads power
rating.
DEsipation rEquirsements ae not so easlly estatiished with
time varying culput slignak, espedaly wilth reacive oeds
Bath peak and contnuaus dissipation matings must be taen
Inta accounl, and thesa depend an the slgna wawvafom as
‘well as load charackerslics.
Villh a sine wave oulpul, analysks |s Tarly straightorsand.
Vilth supply voltages of £V, e madmum aversge power
dsslpation of bolh output ransslns &

2ug? .
Prax — 222, coad’ @ < A,
and
gl I4 I
P == . 8 AT,
A 2z, = cosd 1)
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Application Information jconinued

where £ 15 the magniiude of the laad Imp=dancs and o (s
phess ange. Madmum averade dissipalion oocous balos
masmum cutpal swing for e = 407

SARDUCTEIS MAGLT IDEEETES)
5008 3%

The Inslantanzous power dissipaion over the conducting
half cycle of one output irErsEkr 1s shown hare Power de-
slpation Is near zaro on e ciher hall cycle. The oulput e
I= that resufting In meximum paak and average dissipation.
FPhats are gliven for areskslive and a serkes RL load. The labier
Is represantative of a 401 loudspeaker oparaling below reso-
rancs ard would be he worst case condiion In most audio
applcalions. The peak dissipatian af each rarelskon ks about
faur imes aversge. Inac appleations, power capshity |s of-
tan limitad by the pask mlings of the poser irarsistar.

The puks themnd rasistance of the LMA2 & spacifled o
canstant power puks  durstian. Establishing an esset
equtvalency betwean constant-power pulses and thoss en-
countered in practice s not easy. However, far sine waves,
reasonable eslimates can be made at any requency by as-
EUMIng & constant power pulss ampliude given by:

Wad
Ppy = i[14m£¢—ﬂll.
281

where b = B0° and o1s he atsalute vaue of the phase angle
ol Z, . Equivalent pulse width s 1, =0 4cfor o = dand b,
= 0.2ckore = 207, where « ks the penod of the aulpul wave-
farm.

DISSIPATICN DRIVING MOTORS

A mokorwiih a locked rokor oks ke an inductancs in sanes
with a reslskanca, for puiposas of dalermining drver dissipa-
tian. ¥ath slow-resporss senos, the madmum signal ampl-
de at Yequencies where moky Inductance 1= significant
can ba so small hal molor nduckance does not hawve o b=
taken Inko sccounl I this |5 Ihe case, the mokor can be
treatad as a simple, resistve Kad @8 ong as he rokrn speed
I= low enough that the back eml & smal by companson
thie supply woltage of the driver trarsistar.

£ parmanent-magnel motor can bulld up a back emf that is
exual ta the oulput swing of the op amp diving It Reversing
this motar from il speed requires the culput dive franssior
o operale, Inilialy, along a lcadine based upon the mokor
resistance and lotal supply wollaga. Worst cass, this loadina
will hiave o be within the continuous desipation rating of the
diiwe transistor; but system dynamics may permit kaking a1-
wantage of the Hgher pulse ralings. Matar noduckance can
cause added siress IF systam response ks fast.

Shunt- and serles-wound molors can gensrala back eml's
that are consldarably mare than the total supply valtage, re-

suling In even higher peak disipation than a
FETH'EI'EI'IH'HB]I'El mokr ha‘-'ng Ihe same [ockedTokr e
Elekance.

WOLTAGE REGULATOR DISSIPATION

The pass manskEr despaion of a woltage raguiator s eas-
1y determined i the operating mode. Mazimum continlous
dissimation cecurs with high Ins voltage and masmum koad
cument. Az discussad earlis, nppke vollages can be aversged
It peak ratings are nol excesded; howevar, a highar avaraga
wollage wil be required to insure that the pass rarssion
does nod saluralke al the rpple minimom.

Condtions durrg star-up can be more comples. 11 e input
wollage Incraasas slowly such that the reguiator doss not go
Inkz eurrent limil charging oulpul capacitance, here ae m
prodems. I nol, koed capacilancs and load charackrsies
must be taken ino acoount. This 1S aksa the case I altomalic
restar & required In recovering ram overioads.

Automalic restart o start-up with 1astising input voltages
cannct be guarantesd unless the continuous dissipation rat-
I al the pass ransision 1s adequalks io supply the (oad cir-
rent continucusty at |l woltsges below the requlsied autput
wollage In this regard, the L 2 paronms much betler than
IC requiatons using fokback curent limil, especialy with
highrline inpul voltage above 200,

POWER LIMITING

)

NOLTESE V]
T CURET M1

T

== m

I B U - T | -

[§E20 e By

Should the power raings of the LM12 be exceeded, dynamic
safe-anea pratection B activated. YWavelons with his power
limidrg are shown for e LMA2 diving £38% at 20 Hz inta
301 In serles with 24 mH (8 = 457 With an induchve load, the
oulpul elamps o he supplies in power imik, &5 abova. Vitth
resislive loads, the oulput woitage drops in imik. Bahasor
with more complex RCL loads (s teteaen thess extramas.
Sacondary thermal limit 15 achivaled shoul the cass lem-
perature excesad 150°C. This thermal limit shuts down the 1
complataly {op=n output) unil he case lEmparature dops o
abaut 145'C. Recovery may take severl seconds.

FPOWER SUPPLIES

Poswer ap amps do nol requirs requiated supples. Howaswer,
the warst-case oulput power B delermined by the owdine
supply woltage In the Apple mugh. The worsl-case power
disslpation |s established by the average supply vollage with
highrline condlions. The Icss in power oulput that can be
guarantaed ks the square of the ralia of thess taa waltsges.
Relattvaly simple ofHine swikching power supplies can pro-
wide vallage conversion, line 1sataion and S-percent ragula-
Hon whiks raducing size and wekghl.

The regulation aganst rippks and line vanalions can prosda
a substardal Irerease in the power outpul that can be guar-
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Application Information continuea)

antead undar worst-casa conditions. [0 addition, switching
power supplles can corvert low-voltage power sources such
& aulomolive batterias up b regquialed, dua, high-wollage
supplies optimizad faor powering power op amps.

HEAT SINKING

A semiconauctor manutactures has mo control over heal sink
design. Temperature raling can only be based upon case
temperature &= measured al the canler of the package bol-
tom 'With power pulses af longer duration than 100 ms, case
temperalurs 1s almost entrely dependant on heat sink de-
sin and the meurting of the IC o the heat sink.

a0

~ H
= ey

ET

E ""HU*

E L

E -

3 ; Hh\\

TEMP!
K
=]

\Q
h

HEAT-5IHE AREA (in®)
(e B

00

1]

The dasign of heal sink s beyard the soops ol this work
Cofwechon-cooled heal snks ae avallable commercially,
al their manufacturers shouk be consulied for ratings. The
precadng figure (s 3 rough quide far iempsrature dse as a
funchion of fin area (bath sides | avalable ko comechon eoal-
Ing.

Froper mounting of the IC s rEquired i minimize the themal
drop betasen the packsge and the heat sk The haat sink
must also hawve anough metal undsr the package o canduct
heal rom 1he canker ol Ihe package botlom o the ns with-
ol excessive lemparature dop.

A thermal greasa such as Wakeli=d typs 120 or Thermalloy
Themaooke shoukd be usad when mounling the packags o
the haal snk. Without this compound, thermal resistance will
s no betler than 0.5 A, and probably much worse. With
the compourd, Hhermal reslskance wil be 0.2 COW or lees,
aEsUming urder 0.005 nch combined flaness unout 1o the
package ard heal sink Propar lomuing of the mounting
talts 1s iImportant. Four i sz inch-pounds & recommended.
Shoul I be necessary 1o Isdale V- from Ihe heat sink, an
Insuilating washear s required. Hard washers [iks sy lum ox-
Ke, ancdized duminum and mica reoguire the use of themal
compound on tath fssee. Tao-mil mica washars are moel
commion, gving aboul 0.4°CAV Inkeracs resislancs with he
compound. Silicone-mbber washers ae sso vallable. A
0.5 2 tharmal reslstance |s damed without thermal com-

Fl:lul'ﬂ. EIF!':‘HEFIC\':" has shaown that these rubber washers
daleriorake ard must be replaced shodd the IC bs dis-
ML,

“scelrale” Insulaling pads o four-lead TO-3 packages are
avallabde from Powar Dawices, Inc. Thermal geaselsn:i re-
uired, and ihe insulators shauld not bs s,

Definition of Terms

Input offset voltage: The sbsolule values of the voltage be-
twesn the Nput lminats with he oulput soitage and carent
al zara.

Input blas current: The absoluta valua of the average o he
two Input currents with the output voltage and current at
F

Input cifsst current: The sbsolute value of the dference in
the two Input cuments with the output woltage and cument at
TED.

Common-mede refclon: The ralio of the input vallage
rarge 1o the change n offsel voltags batwesan the extrames,
Supply-voltage rejection: The ratio of the speciied
supply-vollage change o the changs n offssl vallage be-
bwesan the exdremes.

dutput saturaion thresheld: The outpul swirg limit o 8
spacilizd Inpul dive bayond that requires for zero oulpat. 1t
5 maasured with reepact 1o he supply o which the oulput|s
sWNdr.

Large slgnal valtage gain: The ratia of he output vallsge
swing 1o the differential nput vallags required 1o drive the
eulput from zero o aliher swing limit. The outpul swing limit
B the supply wollage less a speciied guasl-salration woll-
32 A puksa ol short enough duration o minimize herma el-
feck | usad a5 a measurement signal.

Thermal gradient fesdback: The Input oftsst vallage
change caused by thermal gradients genarated by heating of
the output Iarskskors, but rat he package This eflect & de-
layed by several milllseconds and resdts In Increasad gain
EfTor below 100 Hz

Sutput-cur et etk The autput eament with & feed oolpot
wollage and & large Input overdrive. The [miling current
drops with ime onca e proleciion deullry B aclivated.
Pawer disslpation mating: The power that can be dissl-
paled for a speciiled ime Intarval withoul activaling the pm-
ection crcullry. For ima Inlervak In excass of 100 s, dis-
sipation capablity B determined by hea sinking af the IC
Fackage rather than by the 1S s

Thermal reslstance: The peak, Junction-lEmperatune riss,
prunit of Internal power dissipalion, above the case em-
parature as maasurad at the centar of the package bollom.
The oz thema resistance applies whan one oulpot transis-
Ior s operating contnuolEly. The s hermal resistances ap-
plles with the oulpul Irarsiskons conducling stsmatly at a
Hgh encugh requency thal he pesk capabiiity of nelther
IanskEkr s emnaeded].

Supply current: The current required from e power
soUmce o oparate the ampiler with the culput vollage and
current at 7ero.
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Equivalent Schematic (exduing acive proteclion circuling
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LM12CL 80W Qperational Amplifier

P'h'_l,n’SiC al Dimensions inches (mmeters) unisss oinense nokd

0.438-0.580 0.529-0.592
[10.87=12.78] [&.28=883]
0.580-1.020 =
1 J— 0.060-0.075
oy g L18T=0, 161 24.B0-35.801] —+ |"_— 3
e [3.84-4.00] T | [1.53=1,7a]
—— i — e R 0,430=0,%10
[12.45-12.55]
~
[ _I_-\
8| eee-0a0
R LA FE ST 1) —
477-1.147 | == ‘ g B7E0-0.773
[28.52-30.40] = | =1 @ [19.30-10.59]
|
[ ——
!
2% 730
0.038-0.043
ol -
[9.97=1.08] rd } L
M, /
,
B - \
o D48C-0.438
[11.68=12.18] G.16A-8,174 UHCOHTROLLED
Ry 7-a.52] LEAD DA
T025 ay ol feed— 0116 oy
lo-E4] [2.95]
- P
SEATING FLbHE — el

d4-Lead TO-3 Steel Package (K)
order Humber LMI2CLK

NS Package Number Kida

LIFE SUPPORT POLICY

MATIONAL'S PRODUCTSE ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IM LIFE SUPPORT
DEVICES OR SYSTEMS WITHOUT THE EXPRESS WRITTEM APPROVAL OF THE PRESIDENT AMD GENERAL
COUMSEL OF NATIOMAL SEMICONDUCTOR CORPORATION. As used herein:

1. Lile support devices or syslems are devices or

2. A criical component is any component of a life

syslems which, (a) are intended for surgical implant
inkz the body, or (by support or suslain life, and
whose falure to perform when properly used in

support device or system whoss failue ko peform
can be reasonably expecled to cause the failurs of
the life support dewice or system, or o alfect ils

accordanca with instrudtions for use providad in the salety or livensss.

labeling, can be reasonably expected 1o result in a

sigrificant injury to the user.
Matinal Bumicendudier Matisnal Semizonductor Maiznal Bumiconducior Mational Baniconducior
Carporation Eurspa A Preific C ustoruer dapan Lid.
Ansrcm Face: +48 [0 1 BJa30 5= BB FBnE"Il Groap T-lmt]-mﬁ‘ﬂ
Tal 1-500-273- e Ernad: a ll.g%ln:gn £ami Tal Ge-aad4CE Faee £1-25810 r2d7
Fice 1-B00-737-T0ME Davtach Tab 4010 1 T Fux: B-2004400

Englmh Tal +43 [} 1 53 TE 2T
Frorgain Tal +43 0] 1 50822 93 =B
linkne Tal +43 [ 1 Bla®d 365D

Erund: mppatraccan

. ranl ol om

Maicad dowsred smares anp respoasbaty dor um of sry ore sty descrivd, sa crcl paban ieeross vy irpled snd Pricasl s e g b ok g e ethoul satioe o change usd orestrg and apecliarion
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B. INTERNATIONAL RECTIFIER IRG4PHSOKD IGBT [From Ref. 13.]

H PD- 91575E
International IRG4PH50KE)
IR Rectifier
INSULATED GATE BIPOLAR TRANSISTOR WITH Short Circuit Rated
ULTRAFAST SOFT RECOVERY DICDE UtraFast IGBT
Features -

« High short circuit rating optimized for motor contral, Vees = 1200V
tee =10ps, Voo= 720V, T, = 125°C,
".-rGE = 15".-r ] ) _ o Ty

+ Combines low conduction | csses with high a Veeon typ. = 2.77V
awitching spead ~

« Tighter parametar distribution and higher efficiency c @Vge =15V, Iz =244
than previous genarations h |

« |GET co-packaged with HEXFREDT™ vitrafast W s
ultrasoft recovery antiparallel dicdes

Benefits

* Latest generation 4 1GBT's offar highest power density
motor controls possibla

» HEXFRED™ dicdes optimized for parformance with |GETs.
Minimized racovery characleristics reduce noise, EMI and
awitching losses

* This part replaces the IRGPHE0KDZ2 and IRGPHSOMD2
products

* Forhints see design fip 97003 TO-247TAC
Absolute Maximum Ratings
Paramater Max. Units

Wees Collector-te-E mitter Voltages 1200 W
Ic @ Tec=25"C Continuous Collestor Current 45

Ic @ Toc=10C | Continuous Collector Current 24

lowm Fuked Collector Current @ =] A
I Clamped Industive Load Currsnt & 20

Ir @& Tc =100%C | Diode Continuous Forward Curent 18

158 Diode Maximum Forward Current 20

. Short Circuit Withstand Time 10 pe
Vae Gate-to-Emitler Woltage + 20 W
Pp @ Tc =26 | Maximum Power Dissipation 200 W
Fo @ To=100°C | Maximum Power Dissipation 78

Ty Cp=rating Junction and -BE o +1580

Teta Storage Temperature Range -

Saldering Temperature, for 10 sec. 300 (0.063 in. (1.6mm) from cas=)
Mounting Torgque, 6-32 or M3 Screw. 10 Ibbein (1.1 Mern)
Thermal Resistance
Parameter Min. Typ. Max. Units

Ry Junclion-to-Case - IGBT — — 0.564

Reic Junction-to-Casze - Dieds —_ — 0.83 CAW
Reca Caze-lo-Sink, flat, greassd sudace — 0.24 —

Reua Junction-to-Ambient, typical socket mount — — 40

Wi Weight — 61024} — q oz
wwwe irf.com
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[nternationo

IRG4PHS50KD IGR Reclifier
Electrical Characteristice @ T, = 25°C (unless otherwise specified)
Paramster Min. | Typ. | Max. | Units Conditions
ViERicES Colkeciorto-Emilter Ersakdown Voltage® J12001 — | — Vo | Vae =0V, Iz = 250pA
AviercesTy | Tempemture Cosff. of Breakdown Vokage | — | 081 — | WO | Wae =0V, 1o = 1.0mA
VeEran Collector-to-Emitter Saturation Violtage | — |277] 35 I =244 Wae =15V
— (328 — Vo] L=45A S=e Fig. 2,5
— [254] — I-=24A T, =150°C
Vaegn Gate Threshol Vollags 30| — ] 6D Wie = Vg, I = 260pA
AVgeamATy | Tempematurs Coell, of Threshold Volage — 10 ] — |mVimC) Ve = Vag, k= 260pA
1= Forward Transconductance & 1319 ] — 5 Wiee =100V, Ic = 244
lce= Lemo Gate Vollage Collector Current — | — ] 250 )] pA | Wae =0V, Vo = 1200V
— | — |&800 Vae =0V, Vop = 1200V, Ty = 150°C
VEm Diiede Forward Voltage Drop — | 25] 35 V'l I =164 Ses Fig. 13
— [ 24] 30 l-=16A, T, =150°C
lzes Gate-lo-Emitter Leakage Current — | — [H100] nA | Wgp =220V
Switching Characteristics @ T, = 25°C (unless otherwise specified)
Parameter Min. | Typ. | Max. | Units Conditicns
[F Tolal Gate Charge furn-on) — |[180 [ 270 I =244
(RS Gate - Emitter Charge (turm-on) — |25 | 2@ nG | Vo =400V S=e Fig.B
[v Gate - Collector Charge (turn-onj — | 70 | 110 Vae =15V
tagony Turn-0On Delay Time — | & | — -
I Rize Time — (100 — ne T,=25C
taroim Turn-CH Delay Time — [140] 300 |- = 24A, W =800V
Iy Fall Time — [ 200 ] 300 Vae =15V, Ag = £.00
Eon Turn-0n Switching Loss — [383| — Erergy lesses includes "ail’
Eor Turn-Ciff Switching Loss — [1.90] — md | and dicde reverse recovery
= Total Switching Loss — (573 748 Ses Fig. 910,18
(- Short Circuit Withstand Time 10| =1 — ps | Voo = 7200, T, = 125°C
"-"-:15 =15V, FI-:1 =E5.0£]
tajony Turn-0On Delay Time — | &7 | — T, =180°C, SesFig. 10 11,18
1 Rize Time — |72 — ne |- = 24A, W = 800V
taoir Turn-Cff Dalay Time — (30| — Vae =15V, Ag = 5.000,
1 Fall Time — (390 — Erergy lesses include "ail’
Ei- Total Switching Loss — |83&[ — m.J | and disde reverse recoveny
Le Internal Emitter Inductance — [ 13 | — nH | Measured Smm from package
Cics Irput Capacitancs — |2800| — Wae =0W
Cras Cutput Capacitance — (140 | — pF | Voo =30W S=e Fig. 7
| Cres Reverse Transter Capacitance — | 82| — Ff=1.0MHz
tr Diizde Aeverse Recovery Time — | @0 [ 135 ns | T,=25"C See Fig.
— |[164 | 245 T,=125C 14 lr =164
I Dicde Peak Reverzs Recovery Curent | — | 5.8 | 10 A | T,=25C Ses Fig.
— [83] 15 Ti=125°C 15 WR = 200
Qi Diicde Rewverse Recowvery Charge — |[260 [ 675 | nC | T.=25'C Se=Fig.
— |80 1858 T.=125C 16 | difdt = 20047 b=
dijrecpedt Dicde Peak Rate of Fall of Recowery — 120 | — | A/ps] Tu=25'C Se=Fig.
Curing 1 — |76 | — T, =125°C 17
2 wwwirf.com
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[nternationao

ToR Rectifier IRG4PH50KD
] I |
For bodh
& ] ¥ oyl BO%
et T) = 125°C
— Ty = BO°G
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Fig. 1 - Typical Load Current vs. Frequency
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Vg, Collector-to-Emitier voltage (V)

Fig. 2 - Typical Qutput Characteristics
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Fig. 3 - Typical Transfer Characteristics

Ve, Gate-to-Emitter valtage (v)



[ntemationa

IRG4PH50KD TR Rectifier
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Fig. 4 - Maximum Collector Current vs. Case Fig. 5 - Typical Collector-to-Emitter Valtage
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el IRG4PH50KD

4000 Vor SOV, T= Wz 0 ro——TT
Gas =Cga +Cge . Cos SHORTED o =244
o = G s
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Fig. 7 - Typical Capacitance vs. Fig. 8 - Typical Gats Charge vs.
Colleztor-to- Emitter Voltage Gate-to-Emitter Valtage
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Fig. @ - Typical Switching Losses va, Gat Fig. 10 - Typical Switching Losses va.,
Resistance Junction Temperaturs
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IRG4PHS50KD
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Fin. 11 - Typical Switching Losses va.
Collector Cument
1000

Internationa
IGR Rechitier

1000
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| o, Collecior Cursnt (A)
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Vg, Collector-to- Emitter Vaoltage (W)

Fig. 12 - Tum-Off S04
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Forward Yoltage Drop - Wew (V)

Fig. 13 - Typical Forward Woltage Drop vs. Instantaneous Forward Current
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Infernationa
TR Reclifler

V=200V
Ty= 125°C mmm
Ty= 2570 m—1

100

100D

dlp it - (A5

Fin. 14 - Typical Reverse Recovery va. difdt
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Fig. 16 - Typical Stored Charge vs. dip'dt
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Wp=200Y

Ty= 125°C mm—

T)= 25°(C -—

Wi
s,
Ip= a2
IF =164
Ip= .04
"‘
D
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Fig. 17 - Typical dijrecyw/dt ve. digdt
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IRG4PH50KD o onior
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Fig. 18a - Test Cincuit for Measurament of
ILmy Eon Eamacaey tr @ Ly agany: e, b

Fig. 18h - Test Waveforms for Gircuit of Fig. 18a, Defining
Ecin, toom, 1
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GATE WOLTAGE D.UT e Om = icdt
- » pa
+Wg
: P 1
3
“'1'2". I
[ Woo
Voo DUT YOLTAGE
- AND CURHREMNT Wk
g Iir L
Ver 10% Io Ipk
\ ok bk k
DISOE RECOVERY
I WavYEFORMS
— B Voe
tdan’ ir
L A 12
E:n-.'l'-'c; wd + b4
¥t Erap = .I"'."ci:dl
T ; o]
o DIDDE REVERSE
" . RECOVERY ENERGY LANY

Fig. 18c - Test Waveforms for Circuit of Fig. 18a, Fig. 18d - Test Wavaformns for Circuit of Fig. 18a,
Defining Ean, tajony & Dafining Erec, i, Chr, In
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[nternationa

TR Rectifier IRG4PH50KD

¥ GATE SIGMAL
I DEVICE UNDER TEST

A CURAENT D.U.T
-

—
- h\_ #\_ VOLTAGE N DT

] \ CURAENT IN D4

N

(1] 3]

Figure 18e. Mocre Wavelorms for Figure 184s Test Cireuit

= 9BV
= Al @257C
- da0v r
Figure 19. Clamped Inductive Lood Test Cireui Figure 20. Pulsed Collector Currant
Test Circuit
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IRG4PH50KD

Motes:

[nfernationa
ToR Rectifier

I Repetitive rating: ¥ ge=20V'; pulsa widthlimited by maximum junctiontempearatura

{figqure 20

BV o=V oes), Vee=20W, L=1 0pH, Rg=5.0¢30figura 19)
@ Pulzawicth = 80ps; dutyfactor=0.1%.

@ Pulsewidth 5.0pz, singlashot.

Case Outline — TO-247AC

185 (143
15.40 |425] C i
140 1alz) SEEERLT o 1 EE
m ¢ SO
z-:-e'~1.:~~:-|.b i 5 e 2
2031} E01) f BB (2]
B:Al| 5 B oiam
i1 ¥
‘HI[--':?]- FEITE N 1]
14.20 {550 270 145
140 {14 141 |.156)
LD (a7 SRTTIRE
L3 IR » 1 E =)

141 |.123)
L TR

]

HCTES

1 DIMEHEKIHE & TOLE RaBZINE
PER &H3l 11420, 102

2 CONTAOLLING DIMEREICH : NCH

1 DIMEHEKIHE ARE SHOWH
MILLIMETERS JACHEE|

4 CONFOANS TS JEDEC DUTLINE
TO-2474C

LEAD AEEGHHENTE
1-GATE

3.ENITTER
4 COLLECTDR

s LONGER LEADED j2omm|
NEREICH AVAILABLE [TCo247a0)
To OROEA ADC E'SUFFK °
TOPART HUMEER

CONFORMS TO JEDEC QOUTLIMNE TO-24TAC (TO-3P)

Cimansicns in N iinekrs and qnches|

International
IR Rectifier

IR WORLD HEADQUARTERS: 232 Kansas St., El Segundo, California s2245, USA Tel: (310) 252-7108

IR ELURCPEAM REGIONAL CENTRE: 4320445 Godstons Rd, Whyteleafe, Surrey CR3 OBL, UK Tel: ++ 44 (0)20 8645 B000
IR CANADA: 15 Lincoln Cour, Brampton, Ontaric LET3Z2, Tel: (905) 453 2200
IR GERMANY: Saalburgsirasse 157, 61350 Bad Homburg Tel: ++ 49 (0) 6172 96550
IR ITALY: Via Liguria 49, 10071 Borgaro, Torino Tel: ++ 22 011 451 0111
IR JAP&M: K&H Bldg., 2F, 30-4 Mishi-lkebukuro 3-Chome, Toshima-Ku, Tokyo 171 Tel: 81 [(2)2 3823 G088

IR SOUTHEAST ASlA: 1 Kim Seng Promenade, Great Wold City West Tower, 1311, Singapore 237694 Tet ++ 85 (0232 4630
IR TAIWAN:1& Fl. Suite D. 207, Sec. 2, Tun Haw South Foad, Taipel, 10673 Tel 8586-(0)2 2377 2008

Diata and speciications subject fo change without notics. 7/00
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C. INTERNATIONAL RECTIFIER HFA25PB60 HEXFRED™ DIODE [From
Ref. 14.]

Bulletin PD-2.338 rev. A 11/00

International
TR Rectifier HFA25PB60

HEXFRED™ Ultrafast, Soft Recovery Diode
Features L. Wi = 600V

+ URrafzst Recovery WVEllyp)® = 1.3V

+ Ukrasoft Recovery J

* Wery Low lygy lrany = 234

* Wary Low Oy Cer(typ)=1120C

+ Specified at Operating Conditions lprpa = 1048
Benefits _

+ Reducad RFI and EMI ' L lultyp.) = 23ns

+ Reduced Power Loss in Dicde and Switching o dijrezea'dt (lyp.) = 250A/s
Transistor

+ Higher Frequency Operation

+ Reduced Snubbing
* Reduced Pars Count
Description {:\;"“#

International Rectifier's HFAZSPBE0 is a stale of the an ullra fast recovery
digde. Employing the lates! in epilaxial construction and advanced proceasing
technigues it fealures a supert combingtion of characteriatics which resull in
performance which is unsurpassed by any reclifier previously available. With TO-24TAC (Modified)
tasic ratings of 600 volte and 25 amps continuows current, the HFAZSFPEED is
eapecially well suited for use s the companion diode for IGETe and MOSFETs.
In additien o ultra Taal recovery time, the HEXFRED product line features
extremely low values of peak recovery curment {lpand and does not exhibit any
tendenay bo "sna p-alf during the . portion of recovery. The HEXFRED features
combine lo offer designers a rectifier with lower nofse and significantly lower
awitching loases in both the diode and the ewitching transiator. Thess HEXFRED
advantages can help to significantly reduce snubbing, component count and
heatgink sizes. The HEXFRED HFA2SPEGD is ideally suited for applications in
power supplies and power conversion eyafems (such as inwerlers), molbor
drives, and many ather aimilar applicalions where high speed, high efficiency
s needed.

Absolute Maximum Ratings

Parameter Max Units
Vi Calhode-le-Anode Vallage a0 W
Irg Te® 25°C Comlinusus Forsard Curmanl
IFE T = 100°C Cominusus Forsard Currenl 5 A
o Single Pulse Forsard Currenl 225
|=Et Maximum Repelilive Farward Currenl 100
Poi Tc=25°C Maximum Power Dissipation 151 W
Pnﬁ Te= 10075 | Maximum Power Dissipation 60
T Cperating Junction and
Torm Tlorage Temperalure Range el &
*135'C

1
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HFAZSPEBED
Bulletin PD-2.338 rev. A 11/00

International
TR Rectifier

Electrical Characteristics @ T, = 25°C (unless otherwise specified)

Parameter in | Typ [ Max Units] Test Conditions
VER Caldde Anode Sreakdown Vollage G600 | —— | =—= i Ip = 100uA
-— 113 |17 Ip ® 254
e Max Forsard Vaoltage |15 | 20 v LIg =504 Ses Fig. 1
=] 1.3 | 1.7 lp® 254, T, = 125°C
o S z
|psd Max Revense Leakage Cumment —— | 15| 20 iy Va = Vg Raled See Fig.
=== | B00 | 2000 T.i=125°C, Vg = 0.8 x \ig Rated
Cr Junclion Capacilance === | 35 | 100 pF | Vg = 200V Sae Fig. 3
Meaaured lead Lo lead Smm fro
Ls Series Inductance e | 1z [ | o | R i e
package body

Dynamic Recovery Characteristics

{&@ T, = 25°C {unless otherwise specified)

Parameter in | Typ [ Max|Units Test Conditions
I Revarss: Recavery Time —_—| 23 | — Ip = 1.0/, digdt = 2008/ 55, Vp = 30V
liri See Fig. 5,6 & 16 -— | 50| 75 ns | Ty=25°C
Lee2 == | 105 | 160 T;®125°C Ip = 258
lrmw Peak Recovery Current - | 45 | 10 A T = 25°C
[ See Fig. 7T& & -— | BO | 15 T,®125°C Vg = 200V
Oiq Re-.-ensf:- Recovery Charge = | 112 | 375 e T = 25°C
[ See Fig. 8& 10 -— | 430 | 1200 T;®125°C iyl = 20047
i ge'dl1| Peak Rale of Fall of Recovery Currenl | —— | 230 | — m T = 25°C
Oy iy 2] Durimg 1, See Fig. 11 &12 me | 160 | —— T;=125°C
Thermal - Mechanical Characteristics
Parameter Min Typ Max | Units
TiwwsD Lead Tenperalire -— — 300 T
Fihuc Thermal Rasistance, Junclion bo Case — — D83
Ripuis @ Theimal Resistance, Junclian b Ambent e — 40 LA
Ripes® Thermal Resistance, Case o Heal Sink — D25 —
. s —— B8.0 —_— q
L Weight —— 021 —_— [=E3
Mouriting Tongue L = i Hg-cm
2.0 — 10 Ibal+in

O D0ES . fram Case (1. 8mm) for 10 ses
@ Typical Sockel Mount
O Mounting Surfece, Flat, Smoolh and Greasad

90
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International

HFAZSPBED
TSR Rectifier Bulletin PD-2.338 rev. A 1100
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HFAZ5PBE0 International

Bulletin PD-2.338 rev.A 11/00 TR Rectifier
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International HFA25PBE0
TR Rectifier Bulletin B0D-2.338 rev. A 1100

REVERSE RECCWERY CIRCIIT

S
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Fig. 9 - Beverse Recovery Parameter Test Fig. 10 - Reverse Recovery Wawveform and
Circuit Definitions
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HFA25PBE0 International

Bulletin PD-2.338 rev. A 11/00 IGR Eec:ﬁfier

”1: :' 2.5 L8

1.5 LI5S

l:.‘l'-';"tlh
38 gL
ML
- -t WA L
FEF.
Conforms to JEDEC Qutline TO-247AC MODIFIED
Dimensions in millimeters and inchas

International
TGR Rectifier

WORLDHEADGQUARTERS: 233 Kansas 51, El Begurde, Calllarnia 90245 U5 A, Tel: (310} 322 3331 Fax: (310) 322 3332,
EUROPEAN HEADQUARTERS: Hurst Groen, Oxted, Surrey RHE 988, UK. Tel: ++ 44 1883 732020, Fax: =+ 44 1883 733408,
IRCANADAC 15 Lircoln Courd, Bramplon, Markham, Oetarks LETIEZ. Tel: (308) 453 2200, Fax: (S5 475 8801,

IR GERMANY: Zaalburgsirasse 157, 51350 Bad Homburg. Tel: ++ 45 G172 S5590. Fax: ++ 45 172 555933,

IRITALY: Wia Liguria 49, 10071 Borgaro, Torino, Tel += 39 11 4510117, Fax- ++ 39 11 4510220,

IR FAR EAST: KEHEBIg., IF, 30-4 Nishi-lkebukuro 3-Chome, Toshima-Ku, Tokyo, Japan 171 Tel: 81 3 3253 0084,

IR SOUTHEAST ASIA: 1 Kim Seng Promenade, Goeat World City Wiest Tower, 1211, Singapore 237934, Tel ++ 65538 4620,

IR TAIWAN: 16FL Zulte D.207, Seo. I, Tun Haw South Road, Talpel, 108673, Taan. Tel: 8862 2377 5936,

AltpAfawne irf.com FauwOn-Domand: 44 1883 713420 Data and specificatians sebact fo change wilkon nodoo.

&
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D. SWITCHMODE/HIGH FREQUENCY GATE DRIVER TRANSFORMER
[From Ref. 15.]

TOLERANGE UNLESS SPECIFIED =| . XXX= +/- .005 | . XX= +/- .015 | FRACTIONS= +/- .032

PRODUCTION TESTS

GDE25-2.0C2
@
—
e || > GATE
. 1 ~  BEGH
1.10 —
7 e | o 4
—. — PRI 5
i ; GATE
1.20 | SEG2

i

f” 0 I 25 sa L‘I{_olsuo__-
15D MIN |

ZBO MAX

1.040  —
MAX,
f=—700—=|
I I L.m
—*_—“1“ 2- Q ]
| 2 \.o-wbnnrﬂ 600
R _2100_
| —= !
— 'r-—.sso—‘—l__z PLCS
| P MOUNTING HOLE PATTERN TOP VIEW
[=—850
BOTTOM VIEW

TURNS RATIO = 100%

OC

RESISTANCE[ (1 - 2) .200 MAX

INOHMS | (3-4) 400 MAX
[ (5-6) 400 MAX

APPLY = .1V @ 10KHzPIN(1-2)

INDUCTANCE = 680 uHYS MIM PINS (1 - 2)

LEAKAGE INDUCTANCE = 250 uHYs MaX 1702
WITH 3 TO 6 SHORTED AND 5 TO 6 SHORTED]|

HIPQT =4125 VRMS 1 SEC MIN PRI TO SEC
2500 VRMS 1 SEC MIN SEC TO CORE

2500 VRMS 1 SEC MIN PRI TO CORE

2500 VRMS 1 SEC MIN SEC TO SEC

CONTINUITY =

IMPREGNATIONNOTES = 2 HR PREHEAT
PINS MUST BE FREE OF IMPREGNATION

FINAL ASSEMBLY NOTES

MagneTek

METHOD

BUTT WITH NO GAP %‘.&RKING OUR#, DATECODE, SITECODE, B3

ON LABEL ON CORE

- | PARTNO. coe2s-2
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E. TOSHIBA TLP250 OPTO-COUPLED GATE DRIVER [From Ref. 13.]

SEMICONDUCTOR

TOSHIBA TLP250
TECHMICAL TDATA
[TLFZED}
ABSOLUTE MAXIMUM RATINGS (Ta =25°C)
CHARACTERISTIC SYMBOL RATING UNIT
Forward Current I]c" 20 mhA
= |Forward Current Derating (Ta = T0°C) AIp/aTa =136 ma /0
M| Peak Transient Forward Curent Motz 1) IFpT 1 A
Reverse Voltage VR 5 v
Junction Tempernture (T 125 '
WH® Peak Dulpul Curr\en* [Pw': ﬂ.ﬁlui. f= IS\LM!NuL: 2] Ig‘}pH =15 A
“L" Peak Output Current (P = 2508 = 15KHE) (Note 2) IOPL +1.5 A
= =
% Qutput Yoltage :,TI: =:;E Yo Zi
E Supply Voltage EE;;E:E; Voo :i W
a Output Voltage Derating (Ta=T0"C) AV aTa =0.73 witC
Supply Voltage Derating (Ta= 70°C) AVipp/fATa —0.73 ViC
Junction Temperature (T 125 o
Operating Frequency (Note 3) f 25 kHz
Operating Temperature Range Topr —36-~F0 W0
Storage Temperature Range Tasg =B55~125 C
Lead Solder Temperature {10s) Tagl 260 "C
Isolation Voltage (AC, 1min., R.H.=60%, Ta=25'C) (Note 4) BVg 250 Vrms

MNote 1 : Pulse width Pw£ 1 pes, 5':"[][-'[-‘!5

Mote 2 : Exporenential Wawelom

N{.\Lﬂ 3 = prnrr,nr,nuu] w;w:rnm, ]UHIL: —'.l.l:}.al f£ E.Elﬁsh ]UPL£ + 1.{31’&1'—: 2.5_.::5]

Note 4 : Device considerd a twe terminal device | ping 1,2,3 and 4 shorted together, and pins 5, 6,
T and & ghorted together.

Note 5 : A ceramie capacitor (0.1:F) should be connected from pin 8 to pla 5 to stabilize the
operation of the high gain linear amplifier. Failure to provide the bypassing may impair
the gwitehing proparty. The total lead length between capaeitor and coupler should not
exezed lem.

RECOMMENDED OPERATING CONDITIONS

CHARACTERISTIC SYMBOL MIM, TYP, MAX, UNIT

Input Current, ON Ip (I 7 B 10 mf

Input Voltage, OFF Veinrm I _— 0.8 v

Supply Voltage Voo 15 = D v

Peak Output Current InpH/ lopPL —_ —_ +0.56 A

Operating Temperature Topr — 20 25 70 | 85 =
TLP250 -2
1996-4-8

TOoOSHIBA CORPORATION
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SEMICONDUCTOR

TOSHIBA

TECHNICAL DATA

TLP25D

[TLF2HD}

ELECTRICAL CHARACTERISTICS (Ta = - 20~70°C, Unless otherwise specified)

TEST
CHARACTERISTIC SYMBOL | CIR- TEST CONDITION MIN. |TYP.®* | MAX, | UNIT
CUIT
Input Forward Voltage i — [p=10mh, Ta=25°C 16| 1.8 W
Temperature Coelficient of -
Forward Veltage AVp/iaTa| — [fp=10ma - | =20| — |mviC
Input Reverse Current g — [Vr=5V, Ta=25"C — 10| i
Input Capacitance CT — [W=0, f[=1MHz, Ta=25"C — 45| 250 pF
IF= 1md
“H” Level | Ippg | @ ~ =i 05 | -15] =
Output Current ;":'%:F =30V ; a_i A
up - F=
L” Lavel | IoPL 2 Voo =2 KV .3 3 =
¥ =+16Y, V =—16V
YH® Lewvel | Vop 4 IREE;U“L IF'=EEIT 11 128 —
Dutput Voltage " 1I5V - - v
o CCi= » VEE1= =12
L" Level | VoL 5 RL=E[II'IH, V=08V - | =14.2|-12.5
Voo=230V, Ip=10maA ]
"H* Level | Igpy | — [fa=25°0
Bupply Current Veg=a0V, Iy=10mA = = 1 m
Voo=40%, Ip=0mA _ e -
*L" Level | IoCL — [Ta=25C '
Voo =30V, Ip=0mA - | = 11
Threshald Input “hulput vﬂﬂl =+15V, UEE].: —15V|
Current L—H" IFLH - [F-L=2E|ﬂﬂ. V[}:"‘DV L 1.2 B mfy
Thresheld Input |*Outpat IKC(h =<+15V, Vgg1= =15V _ _
Veltage Br | VFHL 1,= 20001, V=0V 0.8 v
Supply Voltage Yoo — 10 | — 3wV
Capacitanee WVg=0, (=1MHz
Trput-Chutputy Cs = Ira=2571C - 10| 20| pF
Vg=600V, Ta=25"C . N
Realstanes (Input-Cutpuit) Rg — kE=s0% ESLI 10 - i1
= All typical values are at Ta=25°C (*1) : Duration of Iy time= 500
TLP250 -3
1996 -4 -8
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SEMICONDUCTOR

TOSHIBA

TECHNICAL DATA

TLP25D

[TLFZ 50}

SWITCHING CHARACTERISTICS (Ta = - 20~70C, Unless otherwise specified)

TEST
CHARACTERISTIC SYMBOL TEST COMDITION MIN. [TYP* | MAX, |UNIT
CUIT
Propagation IL—H tal.H Ip=8mA 015 | 0.5
Delay Time H—L taHL Voot =+ 16V, VEpy=—16V 015 | 0.5 .
Cutput Kise Time 1y T—— —_ —_
Output Fall Time tr L= -
Common Mode Transient
; r IV =&00%, Ip=RAmh
Immunity nt High Leval Cum GM_ E . —E000 | - - |Vfu=
Output Voo =20V, Ta=25"C
Common Mode Transient
f V‘DM = GO0V I]r-=|]r|1.§|.
Immunity at Low Level Car, _ S s 1011 - = |Vpus=
Output IVoo=9UV, Ta=25"C
* All typical values are at Ta=25"C
TLP250 -4
1996 -4 -8

TOoOSHIBA CORPORATION



SEMICONDUCTOR

TLP2ED
TOSHIBA
TECHMICAL DATA
[TLFZ50}
TEST CIRCUIT 1 ¢ TEST CIRCUIT 2 ; 1QFL
]
1[] e 1[ }h
g | frows
i 1 [ :
4 [ JE 4 [ LDPL ‘u'ﬁ_ﬁ
I
TEST CIRCUIT 3 : 10PH TEST CIRCUIT 4 : VOH
8 B
10 I l l . J_ 1] .
(e r
= 0.1,F — 0.1F AL
Ip Va-g Ig e
— oL
g i
1+
VEEL
TEST CIRCUIT 5 ¢ VgL
B
1] }Iﬁ
(] 01pF LVeel
Vi Ry,
RS
Vo
a[] I3
1T &
T ¥EE1
TLP250 -5
1996 -4 -8

TOoOSHIBA CORPORATION
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SEMICONDUCTOR

TLP25D
TOSHIBA
TECHNICAL DATA

[TLF25D}

TEST CIRCUIT & : tplH. tpHL tr. 1

O {
JLr [ ] 01uF :l_'f'c(:l
Ry,

EE1

TEST CIRCUIT 7 = Cpan, Cpac

! E__ﬂ.],uF _-.

| VYoo

——avg

f

ol

o0 'E
VoM jge t b o _ ABO(V)
- ML= " s

BW : A(Ip=2mA) LEOCV
BNV
C e

\J/ MH Cuu ty{ )

Yo —ay

C
EW: B(Ip=0} HL

Oy, (Cpgg) e the maximum rate of rise (fall) of the common mode woltage that can be
sustained with the output voltage in the low (high) state.

TLP250 -6

1906 -4 -8

TOSHIBA CORPODRATION
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SEMICONDUCTOR

TLP25D
TOSHIBA
TECHNICAL DATA
[TLF2ED}
Ip - Vp AVpiaTa - Ip
’ﬁ! Tats0 | s o ! !
= i f ,b 57
i : Ei —34
13 rs
P i i
: ’ﬁ &40 =
g 0b I 5
E - f; gg 14
£ oo ] : B2
R EE e
o 7 | = | [T
I:Iml..lll 12 14 LE 1E L hi ] _l'a.l 0.y o8 1 I B 1] am
FOEWAERD VOLTAOE WYy 0N FOEWARD CUREERNT Ip (ma)
If — Ta Yoo — Ta
Ly E "
g g
LU - o '||
.. : ‘*
X 4 : =
Ew £
I,
g &
5 10 g
=
) '|
I | 1 o L 1| | L] |
g ] i 41 L] L] 15 r i i [ [1] L]
AMTIENT TEMPERATURE T ) AMNIENT TEMPERATURE Tg (0
lopi: lopl — Te
E ms:'r.s,.', P 16KH
£3
Y=
e N,
-i.: 1
o
! T I T T TR
AMTENT TEMPERATURE Ts {7
TLP250 - 7*
1996-4-8
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F.

Powerex, lnc.. 200 Hillis Strest, Youngwood. Pennsylvania 1569 71800 (724) 825.7272

Outline Drawing

Dimenslon Inches Tllmaters

A 2087 53

B 17050008 433402
c 1417 36

u] 1.209 a3

E 0.866 22

F 0.581 14

= 0,254 ]

H 0315 8

J 0.276 7

K 0217 558

L 0.217 Dia. Dia. 5.5
M 0.13g 35

N 0118 3

P M4 Melric M4

—-H'——
e e 3) Rl
S =
= [T 1
. g
L-DIAJ l \‘—P-MdTHDEITYPE
[ —]
L [ | £
| | E t CS240650, C5241250
P 4 Fast Recovery
oI Single Diode Madules
50 Amperes/fG00-1200 Volts
—
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POWEREX FAST RECOVERY SINGLE DIODE [From Ref. 16.]

CS5240650
CS241250

Fast Recovery Single
Diode Modules
50 Amperes500-1200 Voits

Description:

Powersx Fast Recovery Single
Diode Modules are designed for
use in applications requiring fast
switching. The modules are isolat-
ed for easy mounting with cther
components on common
heatsinks. POW-R-BELOK™ has
been tested and recognized by
Underwriters Laboratories
(QQOX2 Power Switching
Semiconductors).

Features:

[0 lsclated Mounting
[0 Planar Chips

[0 UL Recognized ®

Applications:

O Inverters

[0 Choppers

[0 Switching Power Supplies
[ FreeWheeling

Ordering Information:

Select the complete eight digit
module part number you desire
from the table below.

Example: C2241250 is a

1200 Valt, 50 Ampere Fast
Recovery Single Diode Module,

Vollage Current Rating
Tipe Volls (X100)  Amperss (50)
csz4 08 50
12




___________________________________________________________________________________]
Powerex, lnc., 200 Hillis Street. Youngwood Pennsylvania 15687-1800 (724) 825-TZ72

CR240650, C5241250
Fast Recovery Single Dicde Maodwles
A0 Amperes A0 0- 1200 Voits

Absolute Maximum Ratings

Characterlstics Symbal CE240650 C3241250 Units
Peak Raverse Blocking Voltage VRRM [=ali] 1200 Wolts
Trarsient Peak Reverse Blocking Voltage (Mon-Repetitive), t < Sms VRSM T20 1350 Wolts
DT Reverse Blocking Moltage VRiDe 960 Volts
OC Curent, T = 105°C Fioc) 50 Ampares
Peak Cne-Cycle Sumge (Mon-Repstitive) On-State Current (80Hz) IFISMI 1000 Amperes
Peak Cne-Cycle Sumga (Mon-Repstitive) On-State Current (B0Hz) IFsma a10 Amperes
12t {fior Fusing), 8.3 milliseconds =3 41685 4165 Adgan
Storage Temperature TeTe -40 o 125 -d0to 125 c
Operating Temperatura TJ- -40 to 180 -40 o 150 T
Maximum Mounting Torque M5 Mounting Screw — 17 17 in.-lb.
Maximum Mounting Torque M4 Terminal Screw — 12 12 in.-lb.
Meduls Weight | Typical) — a0 a0 Grams
W |solation VRMS 2500 2500 Volts
D-10
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_______________________________________________________________________________________________________|
Powerex, lne., 200 Hillis Street, Youngwood, Pennsylvamia 156371800 (724) 925-7272

CS5240680, 08241250
Fast Recovery Single Diode Modules
S0 Ampares/G00- 1200 Voits

Electrical and Thermal Characteristics, T; = 25°C unless otherwise specified

|
Characlerlslics Symbol Tesl Conditlons C8240650/C5241250 Unlls
Blocking State Maximums
Revarss Leakage Current, Peak IRRM Tj= 150°C, VRRm = Rated 10 ma
Conducting State Maximums
Peak On-State Voltage VEM IEpg = S0A 1.5 Wolts
Switching Minimums
Revarss Recovery Time b IFpy = 504, Tj =1580°C ng ps
difdt =-200A/us, Vg = 112 VRRM
Revarse Recovery Chamge Qpy Ippy = S0A, Tj =150°C aa T
difdt =-200A/us, Vg = 112 VRRM
Thermal Maximums
Thermal Resistanzs, Junction-to-Cass Ry Pear hodule o0& “CAVatt
Thermal Resistance, Case-to-Sink (L ubricated ) Ryic-s) Pear hodule 0.4 °C AWatt
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. ______________________________________________________________________________________________________|
FPowerex, lnc., 200 Hillis Street, Youngwood, Pernsylvania 15697-1800 (724) 825-7272

CH240650, C5241250
Fast Recovery Single Diode Moduwes
50 Amperes/G00- 1200 Voits

BAXIMLIM WAFINUM ALLCWWAELE PFEAK SURGE MAMMLM
OM-5TATE CHARACTERISTICS (NCOH-REFETITIVE] CURRENT ALLOWAELE CASE TEMPERATURE
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APENDIX B. MATLAB AND ABEL CODE

Appendix B contains written MATLAB code for the analysis of the power supply
op-amp frequency response and it contains the ABEL code written for the programming
of the digital logic controller devices.

A. POWER SUPPLY OP-AMP FREQUENCY RESPONSE CODE

1. PowerSupplyOPAmp.m

% Power Supply 8OW Op-Amp (LM12cl)

% This program is written to verify the frequency response of the
% LM12CL.

% ID Parts and their parameters

Rf =3300; % Ohms

R1=1100; % Ohms

C1 =1.5e-9; % Farads

% DC Gain of power supply

GainDC =1 + (Rf/R1);

% AC Gain of power supply

num = [(R*R1*C1) (Rf+R1)];
den = [(Rf*R1*C1) (R1)];

TransFunc = TF(num,den)
bode(num,den)

SysPole = pole(TransFunc)
SysZero = zero(TransFunc)
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B. DIGITAL LOGIC CONTROL ABEL CODE

1. PwrFazel.abl

MODULE PwrFazel;
TITLE 'PwrFazel'

DECLARATIONS
PwrFazel

"input pins
A,B,C
D,E,F

"output pins
S,u,w,y
S,u,w,y

"equivalences

Kntr
KnvrtrOut
H,L,X
ANYINPUT
ANYOUTPUT

TRUTH TABLE

(

—, o —

—, — e,

Kntr

(@)

O J o U bW

10
11
12
13
14

15
16

17
18
19
20
21
22

DEVICE 'P18CV8'
PIN 2,3,4
PIN 5,6,7
PIN

IsType

12,14,16,18

'com'

[A,B,C,D,E,F];
[s,u,w,yl;
1,0, .X.;

[X, X, X, X,X,X];
[X’X’X’X];

]
]
]
]
]
]

KnvrtrOu
“b0101 ;
“b0101 ;
“b0101 ;
~“b0101 ;
“b0101 ;
“b0101 ;
“b0101 ;
“b0101 ;
“b0101 ;

*b0101
*b0111
*b0111
*b0001
*b0001
0000

-> ~b0101 ;
-> ~b0101 ;

I

*b0001
“b0001
*b0001
*b0111
*b0111
0000

108

)

"5
"7
"7
"1
"1
"0

"1
"l
"l
"7
"7
"0

"set of inputs
"set of outputs
"rename constants



L B B e e B B e B B e W

— /e — e, — /e

L B B M B B

23
24

31
32

39
40

47
48

55
56
57
58
59
60
61
62
63

25
26
27
28
29
30

33
34
35
36
37
38

41
42
43
44
45
46

49
50
51
52
53
54

e e e e e

*b0101 ;
*b0101 ;
-> *b0001
-> ~“pb0011
-> ~“pb0011
-> ~b0011
-> *b0011
-> *b0011
*b0101 ;
*b0101 ;
-> *bl101
-> “b1100
-> “p1100
-> "bl1100
-> *b1100
-> *b1100
*b0101 ;
"b0101 ;
-> *bl101
-> ~bl101
-> “pb1101
-> *b0100
-> *b0100
-> *bllll
*b0101 ;
*b0101 ;
-> *b0101
-> ~“b0100
-> “p0100
-> "bl101
-> *bl101
-> *bllll
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
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"1
"3
"3
"3
"3
"3

"d
"d
"d
"4
"q
"E

"5
"q
"4
"d
"d
"E



Slulwly

->

[ A,B,C,D,E,F ]

(

TEST VECTORS

R T B e B e B R s B R o |

L N N N N

O O OO OO o oo

L N N N NN

R T T e B e B s O s B s R o |

P N N N N NN

O O OO OO o oo

[ U U U T S

O O OO O
O NN N N
O O OO O
L NN N N
O O OO O
L NN N N

O O OO OO oo
O NN NN
O O OO OO o oo
O NN N N

O OO OO oo oo

I S

— = —

AR U S i1

S S

0,1,0,0,0,1 ]

[

— — ——

[N O U T S

— — — — —

e e e

— o — —

AR U U 1

— = — ——

T I

— o —

e e e

— — —

T
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— — — —

[N I S S 1

— — — — —

~ ~
O O O o oo

L B e s B e B B |

[ S N

— = — /o

[N U S S -1

— — — —

[ S S

R e I IR e B e B O R e R

L N N N N

O O OO OO o oo

L N N N N

R e I B e B e O s s R o R |

L N N N N

O O OO oo o oo

[ SV U U ST S

— O O OO
N N NN
— O O OO
N N NN
— O O O O
N NN
O v A
N N NN
D B e T B e TR e B e T e B e O
N NN

Do B e T B e T B T A e O

T U

END PwrFazel
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2.

MODULE PwrFaze2;
TITLE 'PwrFaze2'

DECLARATIONS
PwrFaze?2

"input pins
A,B,C
D,E,F

"output pins
S,u,w,y
S,u,w,y

"equivalences

Kntr
KnvrtrOut
H,L,X
ANYINPUT
ANYOUTPUT

TRUTH TABLE

(

PwrFaze2.abl

—

—

Knt

o

O 1o U WDN R

15
16

23
24

r

10
11
12
13
14

17
18
19
20
21
22

DEVICE

PIN
PIN

PIN
IsType

'P18CV8’

~

a1 N
~
o W
~
~

12,14,16,18

'com'

[AIBICIDIEIF] ;
[s,u,w,yl;

1,0, .X.;

[X, X, X, X, %X, X];
[X,X,X,X];

-> KnvrtrOu
-> ~b0101 ;
-> "~b0101 ;
-> "b0101 ;
-> "b0101 ;
-> "~b0101 ;
-> ~b0101 ;
-> "~b0101 ;
-> "b0101 ;
-> "b0101 ;

]
]
]
]
]
]

*bl101
*b1100
“p1100
"bl1100
*b1100
*b1100

-> ~b0101 ;
-> ~b0101 ;

[

*b0101
*b0111
“pb0111
*b0001
*b0001
0000

-> ~pb0101 ;
-> ~pb0101 ;
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"5
"7
"7
"l
"1
"0

"set of inputs
"set of outputs
"rename constants



Lo e B e B e e s B e W e W |

—, o — — o — — o/,

— o/

31
32

39
40

47
48

55
56
57
58
59
60
61
62
63

25
26
27
28
29
30

33
34
35
36
37
38

41
42
43
44
45
46

49
50
51
52
53
54

I S

]
]
]
]
]
]

->
->

[ S ]

-> “pb1101

-> "bl101
-> *bl101
-> *b0100
-> ~“b0100
-> “bllll
*b0101 ;
*b0101 ;
-> ~“p0001
-> ~pb0001
-> *b0001
-> *b0111
-> ~“pb0111
-> ~“p0000
*b0101 ;
*b0101 ;
-> ~“p0101
-> *b0100
-> *b0100
-> *bl101
-> ~bl101
-> ~“bll1ll
*b0101 ;
*b0101 ;
-> ~“pb0001
-> "b0011
-> *b0011
-> *b0011
-> ~pb0011
-> ~“pb0011
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
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"d
"d
"d
"q
"q
"f

"l
"1
"1
"7
"7
"O

"5
"4
"q
"d
"d
"f

"l
"3
"3
"3
"3
"3



Slulwly

->

[ A,B,C,D,E,F ]

(

TEST VECTORS

R T B e B e B R s B R o |

L N N N N

O O OO OO o oo

L N N N NN

R T T e B e B s O s B s R o |

P N N N N NN

O O OO OO o oo

[ U U U T S

O O OO O
O NN N N
OO OO O
L NN N N
O O OO d A O
L NN N N
O O OO OO oo
O NN NN
O O OO OO o oo
O NN N N
O

O O OO oo oo

I S

— = —

AR U S i1

S S

— — — o —

AR U U i1

— = — — —

[ S

— o — —

[N U S U i1

— — — — —

P T

— o —

AR U S i1

— = — — —

e e e e
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— — —

[N U U S 1

~ ~
O O O O oo
L B B B B R |

e e e e

— o — o —

AN I U S -1

— — — — —

e e e e

R T B e B e B R s B s R o |

L N N N N N

O O OO OO o oo

P N N N NN

R T B e B e B s O s s R o |

L N N N NN

O OO OO Ooo oo

[ S U T S

O O OO
N N N NN
— O O OO
N N N NN
— O O O O
N N N NN
O v A A
N N N NN
D B e I O T O T e R e
N N N NN

D B e T A T s O T e R e

T S

END PwrFaze2
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3.

MODULE PwrFaze3;
TITLE 'PwrFaze3'

DECLARATIONS
PwrFaze3

"input pins
A,B,C
D,E,F

"output pins
S,u,w,y
S,u,w,y

"equivalences

Kntr
KnvrtrOut
H,L,X
ANYINPUT
ANYOUTPUT

TRUTH TABLE

(

PwrFaze3.abl

—

—

Knt

o

O 1o U WDN R

15
16

23
24

r

10
11
12
13
14

17
18
19
20
21
22

DEVICE

PIN
PIN

PIN
IsType

'P18CV8’

~

a1 N
~
o W
~
~

12,14,16,18

'com'

[AIBICIDIEIF] ;
[s,u,w,yl;

1,0, .X.;

[X, X, X, X, %X, X];
[X,X,X,X];

-> KnvrtrOu
-> ~b0101 ;
-> "~b0101 ;
-> "b0101 ;
-> "b0101 ;
-> "~b0101 ;
-> ~b0101 ;
-> "~b0101 ;
-> "b0101 ;
-> "b0101 ;

]
]
]
]
]
]

*b0001
*b0001
“b0001
*b0111
*b0111
0000

-> ~b0101 ;
-> ~b0101 ;

[

*bl101
*b1100
“p1100
*b1100
*b1100
*b1100

-> ~pb0101 ;
-> ~pb0101 ;
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27
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50
51
52
53
54

T T

-> ~pb0101
-> *b0100
-> *b0100
-> ~bl101
-> “pb1101
-> "bllll
*b0101 ;
*b0101 ;
-> *b0101
-> *b0111
-> *b0111
-> ~“pb0001
-> ~“p0001
-> *b0000
*b0101 ;
*b0101 ;
-> *b0001
-> *b0011
-> *b0011
-> ~“pb0011
-> ~“pb0011
-> "b0011
*b0101 ;
*b0101 ;
-> "bl101
-> *bl101
-> *bl101
-> ~“b0100
-> “p0100
-> "bllll
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
*b0101 ;
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1z0&COUNT& (x1&!yl&zl) & (x0#y0)

'feed reg,reg d,pos’
'x0&COUNT& (x1&!'yl&zl)
'yO&COUNTE (x1&!yl&zl)

'P18CV8’
19,18,17,16,15,14

#
#
#

DEVICE
PIN
PIN
IsType

MOD6KNTR.ABL

4,
!COUNT&x1 # COUNT&!zlé& (x1#yl)

!COUNT&yl # COUNT&!x1
!COUNT&z1 # COUNT&!yl
:= x06& (!COUNT#! (x1&!yl&zl))
:= y0& (!COUNT#! (x1&!yl&zl))
:= z0& (!COUNT#! (x1&!yl&zl))

'MODG6KNTR'
output pins

x0,vy0,z0,x1,yl,zl

MODG6KNTR
CLOCK, COUNT
x0,vy0,2z0,x1,vyl,zl

x1
yl
z1
x0
y0
z0

A\

MODULE MODG6KNTR
TITLE
DECLARATIONS
"input pins
EQUATIONS
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— — — —

— — — — —

— — — /o

— — — —

END MOD6KNTR

121



THIS PAGE INTENTIONALLY LEFT BLANK

122



APENDIX C. PARTS LIST

Appendix C contains the part lists for the Power Supply Op-Amp circuit, Gate-

Driver circuit, the IGBT and Snubber circuit and for the power unit and converter.

A. POWER SUPPLY OP-AMP CIRCUIT PARTS LIST

Part Name Part Number Value Qty
Operational Amplifier LMI12CL 80 kW 1
Resistor -- 1.1 kQ 1
Resistor -- 3.3kQ 1
Resistor -- 50Q 1
Resistor -- 220 1
Capacitor P6710 2200 pF 2
Capacitor -- 1.5 nF 1
Diode UF1003 -- 2
Heat Sink Type 341K -- 2
Connector, Banana Plug -- -- 2
Connector, BNC - - 2
B. GATE DRIVER CIRCUIT CARD PARTS LIST

Part Name Part Number Value Qty
8-Dip PhotoCoupler IGBT TLP250-ND -- 1
Gate Driver Transformer GDE 25-2 0.650 Q 1
Diode, Rectifier IN4148MSCT 0.15A 6
Capacitor P4966 1.0 uF 1
Capacitor -- 1.0 uF 4
Resistor -- 360 Q 1
Resistor -- 5Q 1
Connector, BNC - - 1
Connector, 2 Slot - - 1
C. IGBT AND SNUBBER CIRCUIT CARD PARTS LIST

Part Name Part Number Value Qty
IGBT IRG4PH50KD 25 A 1
Diode, HEXFRED HFA25PB60 25 A 1
Resistor TBH25P10R0J 10Q 1
Capacitor P3512 0.018 puF 1
Diode, Zener 1N4744DICT 15V 2
Connector, 3 Slot - - 1
Connector, 2 Slot - - 1
Heat Sink, Aluminum Strip -- -- 2
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D. POWER UNIT PARTS LIST

Part Name/Component Part Number Value Qty
Gate Driver Circuit Card -- -- 1
IGBT/Snubber Circuit Card -- -- 1
Posts, Metal -- - 2
Heat Sink Type 641K -- 1
E. CONVERTER PARTS LIST (ONE PHASE)

Part Name/Component Part Number Value Qty
Power Unit -- -- 8
Capacitor CGH102T450V3L 1000 pF 4
Power Diode PRX-N16AA2 -- 4
Capacitor -- 22 uF 4
Conduit, Copper -- cm 24
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